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Annotation 


[Text] Methods of calculating the characteristics of phased antenna arrays (PAA) 
and active phased antenna arrays (APAA) as well as their components are presented. 
Arrays with various geometries, types of radiators and control techniques are 
treated as well as antennas with frequency scanning, switching, multislot, planar, 
and cylindrical antennas, etc. 


The book is. intended for students in the radio engineering specialties of the 
higher educational institutions in the performance of the diploma and course re- 

' quired design, as well as for engineers engaged in the design of phased antenna 
arrays and active phased antenna arrays. 
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Control of Ryazan' Radio Engineering Institute (head of the department, doctor of 

i the engineering sciences, winner of the USSR State Prize, professor V.I. Popovkin) 


Editorial Staff for Cybernetics and Computer Engineering Literature 


. _ Foreword — 


Material on the planning and design of phased antenna arrays (PAA), active antenna 
arrays (APAA) and their components is collected and systematized in this book. 
Engineering methods are given for electrically scanned antenna design to meet 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


specific technical requirements, as well as the requisite information for design 
work based on the parameters of existing equipment and a description of existing 
designs. Special attention is devoted to flight systems. 


The book "Microwave antennas and equipment. The planning and design of antenna 
arrays and their radiating elements" which came out in 1972 under the editorship 
of D.I. Voskresenskiy, to a known extent generalized the most widespread design 
techniques. This book contains materials which are an extension of the indicated 
work; the design methods presented in it supplement and refine the methods 
treated earlier, taking into account the latest achievements in design automation 
using computers. The range of problems considered has been significantly expand- 
ed: questions of the design of new types of arrays are set forth, as well as 
active and passive elements. 


Considerable attention has been devoted to the construction of active stripline 
modules with semiconductor devices. Bringing the materials on the indicated 
topics together in one book, based on the general requiremenis placed on array 
elements, as well as the utilization of uniform criteria for a comparative 
evaluation of these and other elements have significantly simplified the pro- 
blem of the goal directed design of an array, in particular, the selection of 
an acceptable variant for the overall array configuration, as well as the type 
of active and control elements. 


The book consists of four sections. General questions of phased array design are 
treated in the first. Here, questions of antenna design with phase, switching 
and frequency scanning techniques are presented. Procedures are given for the 
design of planar and cylindrical arrays, phased arrays with a hemispherical 
scanning space as well as slotted waveguide arrays. 


Procedures are given in the second section for the engineering design of phased 
array radiating elements, taking their interaction into account. Dipole, strip- 
4 line, slotted, director, waveguide and other phased array reaiators are treated. 


The third section is devoted to the design of active phased crrays and their 
modules. Specific features of the construction and calculation of the character- 
istics of active phased arrays are presented; structural configurations are given 
for active reflective and transmission type phased array modules as well as 
methods of signal phasing in the modules. Modules of various types are compared 
and possibilities of using various active elements are indicated. Procedures 

are given for designing the modules of transmitting active phased arrays around 
various semiconductor elements: oscillator stages using microwave transistors 
and IMPATT diodes, varactor multipliers, and hybrid IC microwave circuits. 


Questions of the design of passive elements of phased arrays are treated in the 
fourth section. Design procedures are given for directional couplers and coupled 
line filters as well as multichannel stripline dividers, microwave phase shifters 
and filters. 


Widely known material existing in monographs and the periodical press is collected 
and systematized in the book, and the published literature of the Problems 
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Laboratory for Microwave Engineering of Moscow Aviation Institute are also used. 
Topics from general microwave antenna and equipment theory are not treated; it 
is assumed that the reader is already familiar with the general course given in 
the radio engineering departments of the higher educational institutes. 


It must be underscored that the design procedures incorporated in the book differ 
substantially in terms of design precision and complexity. Along with simplified 
calculations, which make no pretense of exhaustive completeness, some of the 
latest techniques of computer assisted design are included in the book. Simpli- 
fied design methods are presented initially, which make it possible to design 
phased antenna arrays or elements which meet the major technical requirements, 

in the amount necessary for the course required or diploma design work, as well 
as in the preliminary developmental work on antenna system designs. Further, 
where it has proved possible, the authors provide more precise computational 
methods which make it possible to optimize the device being designed with respect 
to a particular criterion by means of the programs which have been developed. 


A bibliography of the major literature is given at the end of the book, as well 
as bibliographies for the chapters, which are recommended in the planning and 
design of the given equipment. 


The book is intended for students in the radio engineering specialties when doing 
their diploma or course required design work, but can also be useful to engineers 
engaged in the design of antenna arrays. 


The book was written by a collective of authors: D.I. Voskresenskiy (the Fore- 
word and Chapter 1); V.S. Fillipov (Chapter 2); R.A. Granovskaya (Chapter 3 and 
17); L.I. Ponomarev (Chapter 4); V.L. Gostyukhin (Chapters 5 and 21); S.D. 
Kremenetskiy (Chapter 6); V.Ye. Yamaykin (Chapter 7); V.I. Samoylenko (Chapter 
8); V.V. Chebyshev (Chapter 9); M.V. Indenbom (Chapter 10); K.I. Grineva (Chap- 
ter 11); A.M. Razdolin (Chapter 12); A.Yu. Grinev and Yu.V. Kotov (Chapter 13); 
V.V. Popov and S.M. Mikheyev (Chapter 14); G.P. Zemtsov (Chapter 15); G.I. 
Koptev and T.A. Panina (Chapter 16); V.N. Shkalikov (Chapter 18); N.S. Davydova 
(Chapter 19); S.B. Petrov (Chapter 20); B.Ya. Myakishev (Chapter 22); A.Yu. 
Grinev (Chapter 23); I.I. Gurova, B.Ya. Myakishev and P.A. Solovtsov (Chapter 24). 
The overall editing of the book was done by D.I. Voskresenskiy. 
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ANTENNA ARRAYS SECTION I 


1. Microwave Antenna Design 
1.1. Introduction 


The antenna and feedline, which provide for the radiation and reception of radio 
waves, is an integral part of any radio engineering system. A number of technical 
requirements are placed on the antenna, which follow from the function of the 
radio system in which it is used. The conditions for the placement and operation 
of the antenna influence its characteristics. The feasibility of attaining the 
requisite directional properties, frequency, power and other characteristics of 
an antenna depend. in many respects on the working frequency band. The last two 
decades have been marked by the wide scale introduction of radio equipment into 
the economy and the use of microwave gear. Antennas in the microwave band pro- 
duce pencil beam radiation with a beam width measured in units and fractions of 
degrees and have a gain reaching tens and hundreds of thousands. This makes it 
possible to use the antenna not just for radio wave transmission and reception, 
but also for direction finding (in radar, navigation and radio astronomy), com- 
bating interference, providing for concealed operation of a radio system and for 
other purpos?s. 


Besides radars, microwave hardware is used in such sectors of electronics as 
television, radio control, radio navigation, radio communications, telemetry, and 
accelerators. The successful development of radio astronomy and the mastery of 
space is related in many respect to the achievements of microwave engineering. 


Pencil-beam scanning microwave antennas have become widespread at the present 
time. The scanning makes it possible to scan the surrounding space, track moving 
objects and determine their angular coordinates. The replacement of: poorly 
directional or omnidirectional antennas (for example, coupled antennas) with 
pencil-beam scanning antennas makes it possible to obtain not only a power gain 
in the system because of the increase in the antenna gain, but also, in a number 
of cases, toattenuate crosstalk between different radio engineering systems 
operating at the same time, i.e., provide for electromagnetic compatibility of 
these systems. In this case, the noise immunity, security and other character- 
istics of the system can also be improved. With mechanical scanning, which is 
accomplished by means of rotating the entire antenna, the maximum rate of beam 
travel in space is limited, and with the presently existing aircraft speeds, 
proves to be insufficient. For this reason, it became necessary to develop new 
types of antennas. 


The application of phased antenna arrays (PAA's) to produce scanning pencil-beam 
antennas makes it possible to realize a high space scanning rate and promotes an 
improvement in the data obtained on the electromagnetic reflection or radiation 
sources in the surrounding space. Modern microwave devices with vacuum tube or 
semiconductor devices and electrically controllable media have made it possible 
to not only create a controlled phase distribution in an antenna array Chee; 
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effect electrical scanning), but to accomplish the initial processing of the in~ 
coming information (summing of the fields, frequency conversion, amplification, 
etc.) directly in the radio frequency channel of the antenna. 


A further improvement in the characteristics of radio systems with phased arrays 
is possible (resolution, speed, carrying capacity, detection range, interference 
immunity, etc.) by refining the techniques of processing the signal transmitted 
and received by the antenna (space-time processing in the general case). The 
antenna in this case is the primary processing unit and to a significant extent 
governs the major characteristics of the system as a whole. Usually, far from 
all of the information contained in the wave impinging on a pencil-beam receiving 
antenna is used, where the fields in the antenna from the individual radiators 
are added together in a single radio frequency channel. The most complete infor- 
mation can be obtained by processing each received signal in the antenna array 
separately, i.e., by processing a series of samples from the spatial distribution 
of the incident wave. Antennas with different processing techniques are employed, 
depending on the function of the system and the requirements placed on its 
characteristics. One of the antenna variants with signal processing is the 
adaptive array, which in a radio signal processing system can be treated as a 
dynamic self-tuning space-time filter, in which the directional pattern, fre- 
quency properties and other parameters are changed automatically. Other signal 
processing antennas are also known: self-tuning, artificial aperture, with time 
modulation of the parameters, digital processing, analog space-time processing 
using coherent optics methods, etc. 


Thus, the antennas being used in practice are very complex systems, having up to 
tens of thousands and more radiators, active elements and phase shifters, which 
are controlled by a special computer. The design of such aitennas is extremely 
complex and basically determines the size and cost of the entire radio system. 


: The characteristics of antennas presently predetermine the major parameters of 
an entire radio system, for example, in radars, the resolution and precision in 
the determination of angular coordinates, the rate of beam travel in space and 
the interference immunity. 


The rapid development of microelectronics and its achievements have also found 
their own place in antenna engineering. Integrated circuit stripline assembliés, 
stripline and microstrip transmission lines and various microwave devices de- 
signed around them (phase shifters, switchers, rectifiers, amplifiers, etc.) have 
come into widespread use in recent years. However, the potential possibilities 
for reducing.the weight and volume of microelectronic radio equipment can be 
realized with the appropriate design of the antennas, dispensing with traditional 
types of them and making a transition to antenna arrays. The fact is that the 
reflector antenna with a fairing, the drive mechanism, waveguide channel and 
microwave devices of the aircraft radars in operation has considerable size and 
weight as compared to the other parts of the radar station. A radar in a micro- 
electronic design using semiconductor microwave devices makes it possible to 
achieve the greatest reduction in size and weight. 
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The increasing complexity of antennas during their development and their increas- 
ing role in radio systems have led to the expansion of the group of radio spec- 
ialists working directly in the field of antennas and feedlines. Not only the 
specialists in these fields must be involved with the calculation of the major 
characteristics of antennas and microwave devices, but also the designers of the. 
entire radio system and its individual components, which are coupled to the 
antenna. Their combined efforts during the preliminary design stage make it pos- 
sible to estimate the ultimately attainable characteristics of the entire radio 
system, taking into account the feasibility of making the individual components. 


The appearance of new types of antennas has led to a substantial expansion and 
deepening of antenna theory as well as the development of new design techniques. 
Considerable attention has been devoted to these questions in the literature: 

a number of monographs have been published [01-013] and a considerable number 

of papers have published in journals. However, the use of these materials by 
radio engineers as well as students doing their diploma and course design work 
also encounters considerable difficulties. Engineering methods of designing 
prospective phased and active phased antenna arrays, as well as their elements, 
are presented in this textbook. Considerable attention is devoted to the design 
of aircraft and mobile antenna systems. The engineering design techniques are 
supplemented with descriptions of designs of existing antennas and the requisite 
reference material on the parameters of various microwave devices is given for 
devices which can be used as the components of phased and active phased antenna 
arrays. 


The cited design techniques are sufficiently simple, based on approximate micro- 
wave antenna theory and suitable in the majority of cases for engineering prac- 
tice. These techniques make it possible in the initial design stages to approxi- 
mately determine the major parameters and characteristics of the antennas, where 
these parameters and characteristics can subsequently be made more precise where 
- necessary by means of various more rigorous design methods. Also included in 
the book are design techniques developed on the basis of mathematical models of 
antenna arrays and their components, close to the actual ones. The characteris- 
tics of director, waveguide, slotted resonator and slotted waveguide radiators 
of a periodic array are studied and optimized by rigorous electrodynamic methods. 
The calculated curves and the programs developed in the all-purpose algorithmic 
languages of Algol-60 end Fortran-IV for the BESM-6 and M-4030 computers are pre- 
sented. By basing the work on the general procedure for phased antenna array 
design and using the materials of this book, one can design the radiating aperture 
of a phased array in a rather well reasoned fashion. 


The material presented here is intended for a reader already familiar with the 
general course on antennas and microwave devices, which is studied in the radio 
engineering departments of the higher educational institutes. 


1.2. The Main Requirements Placed on Microwave Antenna Systems and the 
Possibilities of Using Antenna Arrays 


The major requirements placed on an antenna are governed by the volume of infor- 
mation to be processed (or extracted) and are linked to the range, resolution, 
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precision in the determination of coordinates, speed, reliability, interference 
immunity and other characteristics of the radio engineering system. Establishing 
the interrelationship between the characteristics of various radio engineering 
systems and the characteristics of the antenna and feedline is accomplished in 
the relevant courses on radar, radio control, etc. Without going into the 
details of the operation of these systems and establishing the interrelationship 
cited above, one can state that in the final analysis, antennas and feedlines 
should assure the appropriate: directionality, power, frequency and direction 
finding characteristics, control characteristics and other general engineering, 
operational and economic characteristics. 


The requirements for antenna directionality predetermine the shape and width of 
the spatial directional pattern (in the two main planes), the.permissible level 
of sidelobes, the direction gain (KND) and the polarization characteristics of 
the antenna. Antennas in the microwave band have needle-shaped, cosecant, fan- 
shaped, funnel-shaped and other directional pattern shapes. The polarization 
characteristic determines the following: the polarization of the transmitted 
and received waves, the permissible cvefficient of uniformity of the polariza- 
tion ellipse when using rotationally polarized waves and the permissible level 
of cross-polarization in the case of linear polarization of the radiated field. 
When designing an antenna, the shape of the directional pattern, its width, the 
sidelobe level, the directional gain and the polarization can be specified. It 
must be noted that a relationship exists [01] between these characteristics 
which determine the directionality, and during the design work, frequently only 
some of them are specified. Thus, in the electrical design, the starting data 
can be the width of the directional pattern (beam width) or the directional gain. 
It can be stipulated in this case that it is desirable to keep the sidelobe and 
cross-polarized radiation levels to a minimum with the given relative antenna 
dimensions. 


The power characteristics of transmitting and receiving antennas make it possible 
to determine: the signal power at the input to the receiver; the maximum permis- 
sible transmission power at which the electrical strength and permissible ther- 
mal mode are assured; the power needed to control the beam position in space; 
the microwave power losses in the antenna and feedline channel as well as the 
noise power in the receiving antenna. These powers are characterized by the 
following parameters, as is well known [0.1, 0.2, 0.3, 0.6, 0.7}: the antenna 
gain, the antenna efficiency and efficiency of the microwave devices which are 
used, the noise temperature, the input impedence (the matching in the feed chan- 
nel), the antenna Q [02] and the permissible electrical field intensity. In 
contrast to mechanically scanned antennas, in which the determination of the 
power used to control the beam position in space is related to the electrical 
drive design, in electrically scanned antennas, this power is governed by the 
losses in the controllable microwave devices, and for this reason can have an 
_impact on the thermal mode of the antenna. When designing microwave scanning 
antennas, only individual values are specified at times which characterize the 
power indicators of the antenna. Thus, for example, the power (pulsed and 
average) of a radio transmitter or the sensitivity of a radio receiver are speci- 
fied. 
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One of the tasks of design is to optimize the power characteristics of the 
antenna being developed, taking into account the existing possibilities and 
specific set requirements. Optimization reduces to bringing the feasibly attain- 
able characteristics close to the ultimately attainable theoretical characteris- 
tics, found for the specified optimality criteria. For example, such criteria 
can be the maximum gain or minimum noise temperature for the specified relative 


dimensions and losses in the microwave components being used. 


The frequency properties of antennas are characterized by the greatest change in 
the frequency of the transmitted (received) signal for which the major parameters 
of the antenna do not go beyond the permissible limits. Depending on the require- 
ments placed on the radio system in which the antenna being designed will be used, 
the frequency properties are determined with respect to the change in the direc- 
tionality or the power characteristics. When calculating the frequency proper- 
ties of the antennas treated in this book, it is expedient to draw a distinction 
between the requirements placed on the working bandwidth of the antenna and the 
bandwidth of the transmitted signals. The requisite passband is determined by 
the condition of the simultaneous transmission or reception by the antenna of 

a signal with a specified frequency spectrum. The range of frequencies is deter- 
mined by the condition of antenna operation sequentially in time at different 
frequencies in the working band, i.e., permits a synchronous change in certain 
antenna parameters with a change in the working frequency of the radio system. 

For example, in an electrically scanned antenna array, the phase distribution 
along the array is varied so as to preserve the direction of the beam in space 
when the working rrequency of the transmitter changes. 


In antennas and feedlines, a number of requirements are placed on the spatial 
scanning characteristics (such as the scanning sector and time, etc.) as well as 
requirements governing the change in the directional properties during the process 
of operating and switching the antenna from transmit to receive. These require- 
ments also determine the requisite control characteristics for the antenna and 
feedline. The starting data with the choice of electromechanical or electrical 
scanning for the performance of the design calculations for the selected type 

of antenna are the spatial scanning sector of the beam, the scanning period (pace) 
or time needed to set the beam to a specified point in space, method of spatial 
scanning, precision of setting the beam to a specified point in space, etc. The 
antenna switching time from transmit to receive is also to be included among the 
control characteristics, as well as the requirements which arise in a number of 
cases concerning the change during the operational process in the polarization of 
the transmitted field or the shape of the directional pattern. In mechanically 
scanned antennas, the beam control characteristics are not related to the elec- 
trical design of the antenna and are determined during the design of the rotation 
mechanisms. 


The angular coordinates of objects and the precision in the measurement of these 
coordinates are determined by means of the direction finding characteristics 
used in radar, radio direction finding, radio astronomy, etc. The requirements 
placed on direction finding characteristics depend substantially on the direction 
finding technique employed (monopulse, radio signal, amplitude, phase DF'ing, 
etc.). 
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Antenna using a monopulse direction finding method (monopulse antennas) have 
become widespread in radar of late, the direction finding characteristics of 
which are the slope and linearity of the characteristic, the depth of the "null" 
in the difference pattern and the precision of its setting in a specified direc- 
tion. The requirements placed on these characteristics, with the exception of 
the latter, reduce to the creation of a special shape and symmetry in the direc- 
tional patterns, as well as to obtaining the maximum reception antenna gain. The 
requisite precision in setting the "null" of the difference pattern in a specified 
direction, within the bounds of a scanning sector, is governed by the scanning 
technique and the characteristics of the devices which control the antenna beam 
position. The realization of the requisite direction finding characteristics is 
a most important and difficult task for many antennas. 


- Overall engineering, operational and economic requirements are placed on an 
antenna, just as on any radio engineering unit, such as: minimal size, wéight 
and cost, high reliability, adaptibility to specified conditions, as well as 
control and repair convenience. Setting these requirements on an antenna being 
developed is no less important than setting the electrical requirements, and 
meeting them is achieved not only through the appropriate structural design 
solutions, fabrication technology and the use of the requisite materials, but 
also through the selection of the appropriate scanning method, electrical circuit 
configuration, operational mode for the system as well as the active elements 

and microwave devices which are employed. 


With the development of various radio engineering systems and the increased com- 
plexity of the design and engineering problems solved by them, the requirements 
placed on the antenna characteristics are also increasing, and in a number of 
‘cases, they become contradictory and altogether insoluble when attempting to 
develop new antennas on analogy with those previously existing and presently in 
operation. For example, the striving to increase the range and precision of the 
determination of angular coordinates in radar leads to the requirement of increas- 
ing the antennas directionality, which causes an increase in their size and 
weight. The increase in the flight velocity of aircraft leads to the necessity 

of increasing the rate of beam motion in space. It is not possible to combine 

the requirements of increasing the directionality and the rate of beam travel in 
mechanically scanned antennas because of the inertia in their structure. Similar 
contradictions also arise during attempts to simultaneously provide for high 
directionality and the requisite frequency, power and direction finding characcer~ 
istics. These circumstances force one to dispense with the traditional type of 
antennas for the given class of radio systems and to change over to antenna 
arrays. 


The use of complex antennas in the form of arrays, consisting of systems of poorly 
directional or directional radiators, significantly expands the possibilities 
for realizing the requisite characteristics. 


A system of radiators with an electrically controlled phase distribution -a 
phased antenna array - accomplishes the electrical scanning of the beam in space 


at a rate which can be several orders of magnitude greater than the speed of 
mechanical scanning antennas. The setting time to a specified point in space for 
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the beam of a phased array is practically determined by the speed of the electric- 
al phase shifter or the frequency tuning or frequency scanning time, and is not 
related to the weight or the dimensions of the antenna. With this "inertialless" 
scanning, new, previously not used methods of spatial scanning and multitarget. 
operation are possible (the simultaneous tracking of several targets in space). 


‘Arrays made of narrow beam antennas. make it possible to increase the ultimately 
realizable resolution, gain and maximum transmitted power. Arrays have been 
designed and are being designed using large reflectors for the antennas of radio 
telescopes for space communications, having a resolution of down to minutes of 

an angle in the centimeter band [0.3]. The arrays make it possible to create 
multiple function antennas, in which the shape and width of the directional pat- 
tern are changed by means of electrically controlled microwave devices, depending 
on the functions being performed by the radio systen.. 


The realization of different kinds of amplitude-phase distributions is signifi- 
cantly simpler in an antenna array than in reflector, horn, lens and other micro- 
wave antennas, since directional couplers, phase shifters, switchers and other 
components can be inserted in the exciting radiators of the device (power dividers 
of the antenna array), where these components provide for the requisite distri- 

‘ bution or control. Various kinds of amplitude-phase distributions make it possi- 
ble to realize so-called optimal directional patterns in practice (with minimal 
sidelobe radiation), as well as directional patterns having deep troughs ("nulls") 
in the direction of interference near a target outside the main lobe of the 
antenna, 


In terms of the structural design, the use of antenna arrays makes it possible 

to reduce the longitudinal dimensions (in the direction of the normal to the 
plane of the array) of pencil-beam antennas, and consequently, the volumes 
occupied by them, and to use the exterior conducting surface of an object for 
radiating. A highly directional antenna array made of horns or reflectors has 

a smaller longitudinal dimension than one horn or reflector antenna with the same 
directivity. An array of slotted radiators on the convex (conical, cylindrical, 
spherical, etc.) exterior surface of an aircraft [05], without increasing the 
aerodynamic resistance, makes it possible to substantially reduce the occupied 
volume as compared to the corresponding aperture antenna placed in a fairing. 
Radio specialists have recently been devoting considerable attention to so-called 
active phased antenna arrays, in which a self-excited oscillator, amplifier, 
converter, mixer, etc. are connected to each radiator or a group of them. This 
new approach to the design of the entire radio system, where it is impossible to 
single out such individual devices as a receiver, transmitter, etc., permits a 
substantial expansion of system capabilities when processing the incoming infor- 
mation, as well as the construction of adaptive (self-tuning) antennas and 
achieving better interfacing of the radio system to a computer. 


From everything that has been presented here, the role of antenna arrays in 
modern radio engineering systems, their possibilities in providing for the. 
requisite antenna characteristics as well as for the entire radio system be- 


comes understandable. For this reason, the design principles and methods of 
calculating the major parameters of prospective phased and active phased antenna 
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arrays with various radiators, geometries and control techniques are set forth 
in this book. 


1.3. Antennas with Electrical Scanning 


We shall deal with the specific features of the construction and design of antenna 
arrays with electrical scanning, which must be taken into account during the 
planning. It should be noted that up to the present time, no final terminology 
has been worked out in the field of antenna arrays with electrical scanning, and 
conclusive engineering techniques for their design are also still lacking. We 
shall employ borrowed terms and definitions, as well as the most widely dissemi- 
nated terminology, corresponding to the Physics of the processes which take 

place. 


Electrically scanned antennas can be treated in the general case as arrays with 

a controlled phase or amplitude-phase distribution. Various types of radiators 
and channelizing systems are used in such antenna arrays, as well as diverse 

ways of exciting the radiators and controlling the amplitude-phase distribution 
during scanning. Antenna arrays in this case have the most diverse structural 
design. However, the directional properties of antenna arrays, when they are 
correctly designed, can be determined just as for highly directional antennas 
with a continuous radiating aperture, in which the directional properties depend 
on the relative dimensions of the aperture (with respect to the wavelength) and 
the field distribution in it. In linear and planar arrays, the equivalent radia- 
ting aperture changes during scanning, i.e., the projection of the aperture onto 
a plane normal to the direction of the beam, and consequently, the directional 
BEORCEE © also Chane S the changes in the beam width of the array during scan- 
piney ning should be taken into account in the 
electrical design of the antenna. Graphs 
which illustrate the. change in the direc- 
tional pattern width, 269.5, are shown in 
Figure 1.1 as a function of the relative 
antenna size L/A and the direction of the 
beam in space, 6. 





Linear, planar or axially symmetric 

arrays (annular, conical, cylindrical, 
spherical), as well as arrays with a more 
complex shape (surface antenna arrays) 
find application in practice. Arrays 

can be both equidistant (with a constant 
spacing between the radiators) and non- 
1,000 © equidistant types. The directional pat- 
tern width of each radiator, the number 

of them and their arrangement in the array 
are governed by the requirements placed 

on the directivity of the antenna, the 
spatial scanning sector and the conditions 
for the placement and operation of the 
antenna. 


10 100 


Figure 1.1. Beam width as a function 
of array length and scanning angle for 
the case of uniform excitation. 
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Cylindrical antenna arrays and phased arrays with a hemispherical scan space are 
also treated in the book. Such arrays can be constructed in the form of convex 
polyhedra made of planar arrays and arrays which have been given the name 
"conformal" in foreign literature. 


Assuring the specified requirements for an array with electrical scanning during 
the design work can be achieved with the use of different types of radiators, 
different spacings between them, array configurations, etc. Cne of the main tasks 
of the design work is to find the optimum array variant for the specified require- 
ments, taking into account the existing possibilities for the excitation, place- 
ment, fabrication and operating conditions. 


The radiators, the number of which in an antenna can reach tens of thousands can 
be excited by means of waveguides, coaxial lines and striplines as well as other 
types of channelizing systems using parallel, series, branched and other feed 
configurations. A spatial excitation technique is also possible which is similar 
to the method of exciting lenses and reflectors in which one (the primary) irrad- 
iator excites all of the radiators of the array simultaneously. The selection of 
the excitation configuration during the design work is determined by the method 
of scanning, the permissible losses in the antenna as well as the size and weight. 


Beam scanning in a frequency scanning antenna* is achieved by changing the oscil- 
lator frequency (in the transmitting antenna) and the receiver (in the receiving 
antenna). The electrical spacing between the radiators, excited by the channel- 
izing traveling wave systems changes with the change in frequency, and consequent- 
ly, the phase distribution in the array also changes. The determination of the 
characteristics of these channelizing systems reduces, primarily, to the design 

of frequency scanning antennas. Frequency scanning antenna arrays prove to be 
significantly simpler in their structure than other antenna arrays with electrical 
scanning, since there are no other elements in them besides the channelizing and 
radiating devices. The presence of a microwave receiver and generator with a 

fast response, for example, with electrical frequency tuning is a necessary con- 
dition for the design of electrically scanning radio systems. However, the reali- 
zation of frequency scanning in the case of wide angle and two-dimensional scan- 
ning encounters considerable difficulties. Moreover, the use of frequency scan- 
ning is not possible in all radio systems. 


In the case of a constant working frequency for a radio system, the phase distri- 
bution in an antenna with electrical scanning can be controlled by means of phase 
shifters. This technique has been given the name of phase beam scanning of an 
antenna array. Ferrite, semiconductor, ferroelectric and other phase shifters 
- have been developed at the present time, in which the phase of the outgoing 

electromagnetic wave changes either discretely or continuously from 0 to 360° as 
a function of the control voltage or current. The incorporation of a system of 
phase shifters in the device exciting the antenna (the power divider) makes it 
possible to realize electrical scanning, where the phase distribution control is 
discrete in the majority of cases. This occurs because of the discrete change in 


*Questions of frequency scanning antenna theory and design were treated most 
completely for the first time by L.N. Deryugin [010]. 
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the phase shift in a phase shifter or the control current (or voltage), which in 
turn is due to the specific nature of the operation of the electronic device 
controlling the beam position. Such an electrical scanning technique, which has 
been termed switched scanning (or digitally switched scanning in previously pub- 
lished literature), is the most promising at the present time. With the 
switching technique, as a result of the discrete change in the phase, the direc- 
tional properties of the phased antenna array also change. These changes should 
be taken into account when designing switched antennas. 


The phase distribution of a scanning antenna array can also be controllod by 
means of mechanical phase shifters, in which the phase change is accomplished by 
means of mechanically moving or rotating special individual components or parts 

of the channelizing system of the phase shifter [03]. With such a scanning tech- 
nique, which is termed electromechanical, the maximum rate of beam travel is 
governed by the speed of the phase shifter, and because of the low inertia of 

the devices being moved, can be significantly greater than in mechanically. scanned 
antennas. The calculation of the directional characteristics of antenna arrays 
with electromechanical scanning is the same as for electrically scanned arrays. 


The choice of one scanning technique or the other during antenna design is deter- 
mined not only by the requisite characteristics, but also by the existing possi~ 
bilities, the presence of the appropriate electronic devices, the characteristics 
of the phase shifters and channelizing systems, power considerations, etc. 


The transition from mechanical scanning to electrical led to increased complexity 
in antenna structural design, which was due to the use, for example, of an array 

of radiators with phase shifters instead of one dish antenna, as well as to a 
sharp increase in the cost of the antenna unit. The use of phase shifters, 
channelizing systems and other supplemental devices increases the phase errors 

and thermal losses in an antenna and reduces the gain. For this reason, it is 
expedient to change over to electrically scanned antenna arrays only in those 

cases where the mechanical approach does not assure the requisite beam control 
characteristics and a certain degradation of the power characteristics and increase 
in the cost are permissible. 


1.4. Specific Features of Phased Antenna Array Design 


The further development of microwave antennas led to the working out of new 

and increased complexity of known methods of computing the main characteristics. 
The structural and computational design work on the antennas became significantly 
more complicated because of the increase in the number of parameters governing 
antenna characteristics, as well as by the striving to optimize the characteris- 
tics or compute them more precisely. 


The design of scanning antennas with specified characteristics is accomplished 
with the condition that these characteristics are assured for all antenna beam 
positions. For this reason, the calculation of the directional, frequency and 
other properties of arrays must be made for various beam positions in the spatial 
scanning sector. In this case, the beam width, sidelobe level, directional gain 
and other characteristics are determined not only by the array parameters, but _ 
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also by the characteristics of the devices which control the phase distribution 
(the discrete step for the phase change in a phase shifter, the deviation of the 
dispersion characteristics of the channelizing systems from the requisite values, 
etc.). 


Complex interaction phenomena occur between the radiators in antenna arrays, which 

are manifest in a change in the directivity and input impedance of a radiator when 

it is inserted in the array. As a result, the directional properties and power 

characteristics of an antenna can change substantially in an array as compared to 
4 the characteristics found without taking the interaction into account. 


Intense developmental work is under way at the present time on the theory of 
accounting for interaction in microwave antenna arrays. Engineering methods of 
calculating the interaction are known only for certain types of radiators and 

a definite arrangement of them. Taking this interaction into account, which 
changes when controlling the phase distribution, makes the design of phased micro- 
wave arrays considerably more difficult. 


The interaction of the radiators in a phased antenna array depends on the type of 
radiators used, their configuration and affects the antenna characteristics in 
different ways. Thus, the interaction of resonant poorly directional radiators 
(resonant dipoles, resonant slot antennas) in an array leads to a substantial 
change in the input impedance and the resonance properties, so that during scan- 
ning, the input impedance of each radiator in the system and the matching of. the 
driving ‘channel depend on the beam direction in space. The change in the dis- 
tribution of the radiating current (field) and correspondingly, the directional 
pattern of a radiator, is insignificant in this case. 


The interaction of radiators in different types of antenna arrays (for example, 
of the traveling wave--dielectric rod type, helical antennas, yagi channels or 
aperture-waveguide antennas, horns) is manifest in a change in the current dis- 
tribution in the radiator and a corresponding change in the directional pattern 
of an element. A change in the directional pattern of a radiating element in 

an array is manifest in a substantial change in its width and in the appearance — 
of deep nulls (indented pattern), something which leads to a significant drop in 
antenna gain for certain beam positions in space and to the corresponding mis- 
matching of the exciting channel. The mutual influence effect of radiators can 
be eliminated by means of the appropriate placement of the radiators, a choice of 
their type and size as well as the use of dielectric coatings and other special 
measures. For this reason, the design of the radiating elements of arrays is 
treated in this book along with the general questions of phased array design. 


Finding the optimal variant of a scanning antenna for given requirements, taking 
into account the characteristics of the radiators, phase shifters, channelizing 
systems and other microwave devices available to the designer, considerably 
increases the volume of all of the calculations to be performed during the 
design work. 


Individual sections on the theory of microwave antenna arrays and electrical 
scanning, which have been published in the literature, are intended primarily 
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for specialists in antenna arrays. The study and utilization of this literature 
in the designs of antennas for various functions require large expenditures of 
time, which creates difficulties during engineering design work. For this reason, 
some engineering techniques of designing scanning microwave arrays and their 
elements are presented in the book, which make it easier for specialists familiar 
only with the general theory and practice of the application of antenna devices 

to determine the major characteristics. This has brought about the necessity of 
introducing a number of approximations and simplifications, something which has 
influenced the precision in calculating the characteristics and led to a limita- 
tion of their range of applicability. 


Various methods exist for designing the antennas considered here, which differ in 
the precision of the results obtained and the degree of complexity of the 
calculations. The antenna characteristics found by means of the cited engineering 
procedures can be made more precise by means of more rigorous computational tech- 
niques known from the literature (see the bibliographies for the relevant chap-. 
ters). 


Along with the simplified design methods, where it has been possible, more rigor— 
ous computational methods are included using computers, which make it possible to 
optimize the device being developed with respect to one criteria or another by 
means of the programs which have been worked out. 


The design of phased antenna arrays involves the solution of exterior and interior 
electrodynamic problems from antenna theory. When using approximate analysis 
methods, the independent solution of the exterior and interior problems can be 
permitted. The solution of these problems, taking their mutual relationship 

into account, makes it possible to calculate antenna characteristics and search 
for the optimum variant of an antenna which best conforms to the ~-’ requirements. 
Such an approach made it possible to create independent metho. .vor che engineer- 
ing design of electrically scanned antenna arrays, arrays of radiators and their 
elements. 


1.5. Specific Features of Active Array Design 


The application of stripline and microstripline hardware makes it possible to 

a significant extent to reduce the cost, improve the reliability and decrease 

the size and weight of antenna equipment. Stripline and microstripline devices 
can be used as channelizing systems, power dividers and directional couplers, 
filters and circulators, isolators and phase shifters, etc. Such advantages of 
printed circuit technology as repeatability of the parameters during series pro- 
duction and the capability of integration have made it possible to also use these 
devices in the structural design of microwave antenna, first in the decimeter and 
meter bands, and then also in the centimeter band. The yagi (director antenna), 
microstripline radiators, arrays of dipole radiators, compact resonator slot 
antennas, etc. can be numbered among them. However, a substantial drawback to 
stripline devices is the significant losses in the centimeter band and especially 
in the short wave portion of this band. The insertion of an active element in 
the microwave channel makes it possible to not only reduce the losses, but to 
also increase the radiated power, simplify the microwave distribution system and 
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ease the electrical requirements placed on it, as well as to miniaturize the 
entire antenna system. The insertion of an active element (or device) in a 
radiator or in its excitation channel transforms the antenna array from a passive 
reciprocal [sic] device into an active antenna array, and a phased array into an 
active phased antenna array, in which different active elements are used during 
reception and transmission. In practice, antenna arrays are broken down into 
receiving, transmitting and transceiving, depending on the function. The radia- 
tor, active elements, phase shifter, lines connecting these microwave elements, 
etc. are structurally combined into a single device, which has been given the 
name of an active phased antenna array module. 


The most diverse circuit configurations are known at the present time for receiving 

2 and transmitting modules. For example, in some circuits, the active element is 
coupled to each radiator, while in others, it is coupled to a group of radiators. 
There is a lack of unified terminology to an even greater extent for phased 
antenna arrays for active arrays. 


The designing of the transceiving module of an active phased array with the 

theoretic and component bases existing at the present time is actually broken 
= down into the solution of two independent problems: the development of the 
transmitting module and the development of the receiving module. As is well 
known, modern microelectronics has achieved significant successes; various inte- 
grated circuits have been created which are widely used in radio receivers. At 
the same time, there is a lack of series produced high power microwave inte- 
grated circuits for radio transmitting devices. This circumstance has also led 
to the necessity of a more detailed treatment of the questions of the design of 
active transmitting modules in this book. 


7 When developing an active phased antenna array module, a solution which provides 
for minimum antenna cost while assuring all of the requisite characteristics is 
preferable. As studies show, the cost of the power generated in a circuit, where 
each radiator is coupled to an individual active element, is higher, however, 
this is compensated by the less expensive and lower power generators and phase 
shifters, and the possibility of using more convenient power supplies as well 
as facilitating the cooling of the elements of an array. 


When designing an active transmitting module, one can use either a self-excited 
oscillator or an externally excited generator (power amplifier), or a string of 
series connected stages, among which there can be frequency multipliers. Because 
of frequency multiplication, the distribution system operates at a frequency lower 
than the output frequency, and as a rule, at a lower power level, which makes it 
possible to substantially reduce the losses in the system. 


The major requirements placed on the active elements of modules are assuring the 
specified output microwave power, relatively high values of the efficiency (no 
less than 20 to 40%) and power gain (more than 10 dB), operating mode stability, 
comparatively wide passband (more than 5%), a small scatter in the parameters of 
the individual models, operational stability in a wide range of temperature varia- 
tion, low levels of generator noise, filtering of spurious signals and those out- 
side the passband, as well as a number of structural design (small size and weight) 
and economic requirements. 
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Semiconductor microwave devices such as bipolar power microwave transistors, mul- 
tiplier diodes (varactors and charge storage diodes) as well as microwave diodes 
(IMPATT diodes and charge transfer diodes) have been finding increasingly wider 
applications in active modules in recent years. 


High power microwave transistors are the most sophisticated semiconductor devices 
in the microwave band; they have working frequencies which as yet do not exceed 

5 to 7 GHz. For this reason, when developing active phased array modules for a 
working frequency in the 3 centimeter band using these transistors, it is neces- 
sary to provide a frequency multiplier, something which leads to the use of an 
amplifier and multiplier chain in the module. Diodes with a nonlinear p-n 
junction capacitance are used as the nonlinear element in the multiplier, where 
these diodes are distinguished by a high input to output signal power conversion 
gain, small dimensions and weight and which practically require no power from 
the power supply. 


Microwave amplifiers designed around avalanche transit time diodes have a higher 
output power (by an order of magnitudd and a greater efficiency (up to 5 to 15%) 
than charge transfer diodes. 


Active modules can also be designed around self-excited microwave device oscilla- 
tors (transistor or diodes) using a system of synchronization from a special 
frequency source. 


The design of the radiating system of an active phased antenna array is closely 
tied to the development of active modules which assure the requisite characteris- 
tics of the antenna array. For this reason, when planning an active phased array, 
it is necessary to select the circuit configuration of the active modules, com- 
pute the operational modes of the generator stages and the microwave networks 
matching them as well as execute the structural design of the generator circuit 
components in the form of a hybrid integrated circuit. It should be noted that 
calculations of semiconductor microwave generators are made at the present time 
using approximate methods, since the devices themselves are complex nonlinear 
microwave devices. However, these techniques make it possible to estimate the 
major power and structural design characteristics of the stages with a precision 
adequate for practice and to design the radiating system of an active phased 
antenna array based on them. 


The power engineering characteristics (output power, working frequency, efficiency, 
gain, etc.) of microwave semiconductor devices are treated in the book for the | 
purpose of using them in the active modules of active phased arrays and attention 
is drawn to the possibility of the appearance of thermal limitations with certain 
structural design requirements related to the realization of beam scanning in 

: ' the array. Design procedures are given for the operating conditions of high 
power microwave transistor oscillators and their matching networks, as well as 
frequency multipliers using varactors and charge storage diodes, which make it 
possible to design an active module using an amplifier and multiplier chain. 


Special attention is devoted to the design of microwave oscillators and amplifiers 
around avalanche transit time diodes, which meet many of the major requirements 
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placed on the active elements of active phased array modules in the 3 cm band. 
Reference materials are also given for. the structural design of the components 
of microwave networks. 
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2. PHASED ANTENNA ARRAYS 
2.1. The Determination of the Geometric Characteristics of Phased Antenna Arrays 


Some of the most widespread types of phased antenna arrays are linear and planat 
arrays. The majority of planar phased arrays consist of identical radiators, 
positioned at the nodes of a plane coordinate grid with twofold periodicity. 
The most useful grids are rectangular and triangular (or hexagonal) (Figure 2.1). 


It is assumed in an elementary analysis that the directional pattern of a radiator 


in an array does not differ from the directional pattern of an isolated radiator. 





Figure 2.1. Methods of radiator layout. Figure 2.2. Systems of coordi- 
nates 


The excitation phase for the radiators in an array in the case of narrow beam 
radiation provides for the in-phase addition of the fields in a specified direc- 
tion and depends on the position of the radiator in the array: 


Pag (Onn Pen) - 8 (Xqg 608 Ppl Vag Si ppg) sin 0,,, (2.1) 


where k = 2n/y is the wave number; Xnq and Ynq are the coordinates of the radia- 
tors in the array; ®-p and $¢-, are the angles in a spherical system of coordinates 
which determine the direction of the main lobe (beam) in space (Figure 2.2). 


The directivity function of an array £(@, 9) can be represented in the form of 
the product of the directivity function of an isolated radiator F(6, $) times an 
array factor Fy(6, $6), which can be treated as the directivity function of an 
array consisting of isotropic radiators: 


£0, g) EO, 9) Fs (0; 9), (2.2) 


where 


MN I (ant, 
Fy (0, p) 2 Avis Cc ( ") ° 


mit =I 


In the cited expressions, Amn is the amplitude of the excitation for an array 
element ; Dp", => h (Xin COS )-|-Y mon Si (5 ; siné is the spatial phase shift for 


the observation direction 6, 9. 


= 19 = 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


When tthe radiators are placed at the nodal points of a coordinate grid with two- 
fold periodicity, the in-phase addition of the fields of the individual array 
radiators is possible not only in the direction of the main lobe of the direc- 
tional pattern, but also in other directions which correspond to the spatial phase 
shift, which compensates for the phase shift between the radiators due to the 
excitation. Then, in addition to the main lobe of the array, there also exist 
diffraction maxima of higher orders. The spatial orientation of the diffraction 

‘maxima depends on the spacing between the radiators. With a reduction in the 
_spacing between them, the number of diffraction maxima located in the region of 
the real nodes, is reduced. It is essential for normal operation of the array — 
that only one main lobe of the array be located in the region of the real nodal 
points, while there be no diffraction maxima. 


When using a rectangular grid, there are no higher order diffraction maxima if the 
spacing between the radiators in the direction of the coordinate axes satisfies 
the following conditions: 


de[h<AM(sin Oe mox-F 1); dy < 1/(sin Oy max + 1), 


(2.3) 
where A is the wavelength; 6, max and Oy max are the maximum beam deflection 
angles in the ZOX and ZOY planes (Figure 2.2). 

For a triangular grid, the corresponding condition has the form: 
rv V3 1+-sin Onax _ (2.4) 


where @max is the maximum deflection of the beam from the normal to the array. 
For example, if @n3y = 45°, then we obtain for rectangular and triangular grids 
dx = dy = 0.58 A and d = 0.68 A respectively. 


Thus, the use of a triangular grid makes it possible to increase the spacing 
between the radiators and to reduce the overall number of them. It follows from 
expressions (2.3) and (3.4) that this reduction amounts to approximately 13% of 
the number of elements in an array with a rectangular grid. 


Conditions (2.3) and (2.4) do not take into account the directional properties of 

the radiators of an array and determine the ultimate spacings in an array of 

isotropic radiators. In the case of a limited scanning sector, the use of direc- 

tional radiators makes it possible to increase the spacing between them as com- 

pared to the values determined by (2.3) and (2.4), and to correspondingly reduce 
*the overall number of them. 


In fact, if the directional pattern of one radiator of an array is zero or close 
to it outside the scanning sector (Figure 2.3), then one can allow the existence 
of higher order diffraction maxima in the region of the reai nodal points, in- 
creasing the spacing between the radiators as compared to (2.3) and (2.4), and 
requiring in this case that during all movements of the beam, the diffraction 
maxima do not fall in the scanning sector. Since the directional pattern of an 
array is obtained by multiplying the directivity function of a radiator and the 
array factor, the diffraction maxima are suppressed, since they will be multiplied 
by small or zero values of the radiator directivity function. 
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Figure 2.3. Directional patterns of an ideal (1) and a real (2) radiator, 
and the lobes of the array multiplying factor (3). 





7 Figure 2.4. A phased antenna array with nonscanning "subarrays". 


Key: 1. Subarray radiators; 
2. The subarrays. 


The advantage gained in the number of radiators as compared to an array of iso- 
tropic elements for triangular and rectangular grids is defined by the following 
s! expressions: " 








: Nunorp V3 (! ‘sin Oynax)? Nusorp aus (Ursin Gnas)? 
| N = On sin? D cay , N 4 sin? Onax . (2 . 5) 


(Nuzotp = Nisotropic]. For example, when ®max = 40°, the number of radiators is 
reduced by 45% and 39% respectively. 


However, the design of a directional radiator, the directivity function of which 
would fall off rapidly to small values outside the bounds of the scanning sector 
is a complex problem. The directivity functions of actual radiators differ from 
the ideal. For this reason, the number of radiators in real scanning arrays is 
greater than the minimum possible. If the width of the directional pattern of 
a phased array does not exceed 1°, while the scanning sector in both of the main 
planes is less than 10°, then the requisite directivity can be obtained by com- 
bining conventional poorly directional radiating elements into groups (Figure 
2.4). Such greups of radiators will be called subarrays in the following. The 
radiators of each subarray are excited in phase and produce a directional pattern, 
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the maximum of which is oriented in the direction of the normal to the plane of 

the array. During scanning, the excitation phases of each of the subarrays, which 

can be treated as individual antenna radiators, are changed by means of phase 
shifters. The relative dimensions of the subarrays are chosen in accordance with 

the specified scanning sector and the permissible level of the higher order dif- 
fraction maxima. Since the shape of a subarray directional pattern differs from 

a rectangular one, when determining the dimensions of subarrays it is necessary 

to take into account the permissible level of the higher order diffraction maxi- 

ma, which now fall within- the bounds ofthe main-.lobe.of the directional pattern... 
of the subarrays during scanning (Figure 2.3). Design formulas have the form: 


Li A= al(l +e) sin Ox, y max (2.6) 


where a is the permissible level of the diffraction maxima relative to the main 

maximum of the directivity characteristic; L' are the dimensions of the sub- 

array along the X and Y axes respectively (Figtre 2.5). The number of lines and 
columns formed by the subarrays is determined by the expressions: 





L . 
Ng, y= ee EE sin Oxy max » (2.7) 
nu a ; 
where Ly, are the dimensions of the array aperture along the X and Y axes respec- 
tively. The product N = N,Ny is equal to the number of phase shifters in the 


: array. 





Figure 2.5. The geometry of a plane antenna array with nonscanning 
subarrays. 


If the subarrays are replaced by aperture radiators (for example, horn antennas), 
then when determining the quantities N, and N,, it is necessary to multiply one 

of them, corresponding to the H-plane of the horn antenna by a factor of 1.5, 
since the field distribution in this plane falls off towards the edges of the 
aperture, which leads to a widening of the directional pattern of the horn antenna. 


The antenna dimensions are determined by the specified directional gain or width 
of the directional pattern, the wavelength and the selected amplitude distribution 
of the field in the antenna aperture. (The choice of the amplitude distribution 
in the antenna depends on the requisite level of the sidelobes.) 
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Key: 1. Law Secnive the change in the amplitude of the field 

(in-phase aperture), A(x); 

2. Formulas for the directional pattern without taking the 
directional properties of an elementary area into account, 

. Fu); 

3. Directional pattern width at the half power vasa 280, 53 

4. Position of the first null, 803 

5. Level of the first sideloba, dB; 

6. Aperture area utilization factor, v. 


Some of the radiation characteristics of a rectangular aperture are given in 
Table 2.1 for various field distributions in the aperture. The data of the table 
are justified for antennas with a continuous distribution of radiators. However, 
with a small spacing between the radiators, they are also justified for antenna 
arrays. As can be seen from the table, the level of the first sidelobe and the 
nature of the decay in the level of the remaining j.0bes depend on the specific 
features of the field amplitude distribution at the edge of the aperture. In 

the case of a uniform distribution, which has a break at the edge of the aperture, 
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£ 


the level of the first sidelobe is -13.2 dB, while the level of the remaining 
lobes falls off in proportion to 1/u, where u = (kL/2) siné. 


In the case of triangular and cosine 
distributions, continuous at the edgé 

of the aperture, but the first deriva- 
tive of which has a break, the level of 
the first sidelobe is -26.4 dB and -23 
dB respectively, while the level of the 
remaining lobes falls off proportionally 
to 1/u“. With a cosine-squared distri- 
bution, continuous at the edge of the 
aperture along with the first derivative, 
the level of the first sidelobe is -32 
dB, while the level of the remaining 
lobes falls off as 1/u~. 





Figure 2.6. The equivalent length of an 


antenna array. The data cited in Table 2.1 correspond 
‘ to the antenna beam orientation in the 
] direction of the normal to the line of position of the radiators in the case of 


a linear array or to the plane of the aperture in the case of a plane two dimen- 
sional array. ‘ : 


To calculate the width of the directional pattern of a linear array with a devia- 
“ tion of the beam from the normal, the concept of equivalent array length is intro- 

duced (Figure 2.6): 

Lun = Nd cos 8,5. 

Lequiv. = Ndcos@,,in - ane = (2.8) 

With an increase in the deviation angle, the equivalent length falls off, while 
the width of the directional pattern increases in accordance with the formulas of 
Table 2.1. 


In a two-dimensional planar array, with a deviation of the main lobe from the 
direction of the normal to the aperture in any plane, one can assume that the 
directional pattern also changes only in this plane; this assertion becomes more 
precise, the greater the dimensions of the array. For arrays, the length of 
which is greater than 10 A, this is well justified. 


With a deviation in the main lobe from the normal to the plane of a rectangular 
array in the main X0Z and YOZ planes, the concept of an equivalent size and equiva- 
lent array area can also be introduced to determine the directional pattern width 
and directional gain: es 
Lg ono Nx d_008 Opn (naockocts XOZ), (x0Z Plane) ; 
ee Ly onn = Nydy cos 0, (nockocTh YOZ); (2.9) 
Soxn = N Ny d, dy cos ao : 
where N, and N, are the number of rows and columns formed by the radiators of 
= the array, parallel to the X and U axes of the rectangular system of coordinates 
respectively. 
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It is not difficult to note that the equivalent values are equal to the projections 
of the actual geometric characteristics on to a plane perpendicular to the direc- 
tion of the main lobe. The directional pattern width in the main planes can be 
found from the formulas of Table 2.1 when the corresponding equivalent dimensions 
are substituted in them. \ 


To estimate the change in the directional gain of a planar array with a deflection 
of the directional pattern maxima from the normal to the plane of the array 
through an angle 6,,4,, one can employ the relationship: 


where Do is the value of the directional gain in the direction of a perpendicular 
to the plane of the array. Formulas (2.8) - (2.10) are approximate, and their 
precision is better, the smaller the beam width, i.e., the greater the relative 
dimensions of the array. 


The directional gain of a planar array with the beam oriented in the direction of 
a normal to its plane can be computed from the following formula: 


| Dy= 4aSvih, (2.11) 


where v is the aperture area utilization factor and its value is determined by 
the amplitude distribution; S is the aperture area. 


2.2. Mutual Coupling Effects Among Radiators 


Numerous theoretical and experimental studies have shown that it is impossible to 
neglect the mutual influence of array radiators. In accordance with [08], the 
interaction between radiating elements in an array is manifest as follows: 


--The input impedance of the radiating element in an antenna array differs from 
its impedance in free space and is a function of the scanning angle; 


--The directional pattern of the element changes; 


--The polarization characteristics are distorted. 


In a number of cases, the interaction of the elements in an array leads to a sharp 
mismatch between the antenna aperture and the feed circuits. Large antenna arrays 
at such scanning angles become blinded. 


One of the most important characteristics of an antenna array is the directional 
pattern of a single radiator with all of the other radiators loaded into matched 
loads. In other words, this is the directional pattern of the array when only 
one radiator in all is excited in it, while all of the others are connected to 
loads which can be either the output impedances of the generators or the input 
impedances of the receivers in the case of active arrays, or loads which match 
the characteristic impedances of the supply feeders. When one radiating element 
is excited, because of the mutual coupling there is excitation of the adjacent 
radiators and the directional pattern of this element in the array is produced 
as a result of the superimposition of the fields of adjacent elements on the 
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field of the excited radiator. In this case, waves are excited in the feeders of 
= adjacent elements loaded into passive loads and a portion of the energy is 
absorbed in the loads. 


For an antenna array of finite dimensions, the radiation resistance and direction- 
al pattern of a single radiator depend on its position, since the cross coupling 
is manifest in different ways for radiating elements located at different points 
in the array. Consequently, the principle of multiplication of the directivity 
characteristics can prove to be unacceptable in this case. This applies to arrays 
with a relatively small number of radiators. 


In a large planar antenna array, the characteristics of the radiators of the cen- 
tral region are practically identical and the most important features of their 
behavior can be described with sufficient precision by the behavior of the 
radiators of an infinite antenna array. For this reason, an infinite antenna 
array can successfully serve as a model for the analysis of large planar antenna 
arrays. In this case, the directivity function of the antenna array can nonethe- 
less be represented in the form of the product of the array factor and the direc- 
tivity function of a single element, which is determined taking an infinite 

- environment into account. 


One of the most important reasons for using an infinite array model consists in 
the fact that this model can be treated as a periodic structure, for the study 

of which there are various analytical techniques. In the case of uniform excita- 
tion, it is sufficient to calculate the field distribution in one of the cells 

of this structure. The reflection factor and the radiation characteristics are 
determined by this field. The specific features of the various analysis tech- 
niques for infinite arrays are treated in [08]. Specific features of methods 

of analyzing other models of phased arrays are also given there. 


We shall briefly consider what the effect of phased array blinding consists of. 
The concepts of hidden resonance, field suppression, nulls of the directional 
pattern of an element in an array and leaky waves. All of these concepts can 
be considered valid, but each of them does not exhaust, rather only underscores 
the different aspects of the phenomenon. Such a diversity in the interpretations 
of the blinding effect is partially explained by the two different approaches 

to the study of phased antenna arrays, one of which corresponds to the case of 
the excitation of all array elements, where the concept of input impedance of 
the radiator and the reflection factor is used to describe the array properties, 
while the second involves the excitation of one element with all of the other 
elements loaded into the impedance of the generators, receivers or into matched 
passive loads. The concepts of hidden resonance and suppression are explained 
by the behavior of an array in the case of the first approach to the study of 
array properties, while directional pattern nulls and leaky waves explain the 
specific features of array characteristics with the second approach. 


The blinding effect can be observed for various radiating element structures. 
Radiating elements, of which hidden resonance is a characteristic, are shown in 
Figure 2.7 a-c. Each structure contains regions in which the propagation of 


= 36 = 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


surface waves is possible. (Besides the indicated structures, hidden resonance is 
also possible for director radiators (see Chapter 10)). We shall consider some 
of the specific features of the occurrence of this phenomenon. 


In accordance with the theory of hidden resonance [0.8], the condition for array 
blinding matches the condition for surface wave propagation in an n appropriate . _ 
radiator structure. For example, a slotted array,-excited by waveguides (Figure 
2.7b), contains a dielectric layer Iying on top of the slots. If a surface wave- 
guide system is mated to this array, where the system is in the form of a dielec- 
tric layer on a solid metal shield, then the blinding of the array of narrow 
slots corresponds to the beam direction in which a phase distribution is esta- 
blished along the array which matches the phase of the surface wave field at the 
points where the slots are located. In this case, the field in the array over 
the slots is identical to the surface wave field in the dielectric layer on the 
metal shield, while the input admittance of the slots is infinitely high. As 

as result, the waves propagating in the waveguides are completely reflected back 
to the BORE AROLee The array does not radiate anything. 
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Figure 2.7. Radiating structures in which the effect of blinding is 
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Figure 2.8. A leaky wave in a periodic Figure 2.9. Directional pattern of a 
array with the excitation of a single waveguide array. 
elements Key: 1. Layout of the radiators; 
Key: 1. Leaky wave radiation; 2. Direction of the diffraction 
2. Leaky wave. maximum. 


It is essential to note that the comparison of the indicated guide system and a 
phased array make sense only for a beam direction in which the blinding of the 
array takes place. 
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Examples of radiators for which field suppression is possible are shown in Figure 
2.7 d-£. In the region filled with dielectric (Figure 2.7b), the higher modes 
either propagate or fall in the supercritical mode of the phased array. A 
slightly supercritical mode is presupposed in the radiators depicted in Figure 
2.7.e-f for the initial higher modes, i.e., the dimensions of the waveguides 
should be rather large:~-Fieldsuppression occurs as a result of the excitation 
of higher moces in the waveguides of the-array because of the asymmetry of the 
external field, which occurs during scanning. For a certain scanning angle, the 
excitation of the higher modes in the waveguide leads to field suppression in 
the aperture, complete reflection, and consequetitly to the blinding of the 
array. ; 


If only one radiating element is excited in an array, while all of the others are 
loaded into passive loads, the nulls of the directional pattern of the excited 
radiator correspond to the blinding effect. The appearance of nulls in the 
directional pattern of the excited element can be related to the excitation of 

a leaky wave, which entails the rzmoval of energy in a direction opposite to 

the direction of its propagation (Figure 2.8). Besides the leaky wave, an excited 
radiator produces a space wave. The interference of the indicated waves in the 
space above the array leads to the cancellation of their fields in some directions 
and nulis appear in the directional pattern of the array element, where these 
nulls are absent in the directional pattern of the same isolated element. 


The structure of a waveguide array and the directional pattern. of a waveguide 
radiator corresponding to it [013], calculated taking into account the influence 
of adjacent radiating elements loaded into passive loads and exhibiting a trough 
is shown in Figure 2.9. 


The phenomenon of blinding is observed when the array beam is oriented within 
the bounds of the working scanning sector, and for this reason reduces the 
phased array scanning sector. 


2.3. The Relationship Between the Directivity of a Radiator in an Array and the 
Directional Characteristics of a Fully Excited Array 


The convenience and importance of the concept of the directivity characteristic 
of an element in.an array consists in the fact that, first of all, when all of 
the antenna array radiators are excited, the superimposition of these patterns 
makes it possible to obtain the true directional pattern of the array, and 
secondly, an experimentally measured directional pattern of an element in an 
array can be used, as will be demonstrated in the following, to calculate the 
reflection factor in the feeders connected to the radiators when all of the 
array elements are excited. The latter circumstance is especially important 
when, because of the complexity of the structure of the radiating elements, 
their theoretic analysis proves to be difficult. 


The directivity function of an element in an array corresponds to the gain of 
the element in the array: the directional pattern of the element in terms of 
power: 


g (0, 9) = F°(0, ). (2.12) 
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In the case of equal amplitude excitation of the elements of an array, the gain 
of the array is related to the gain of an element in the array by the simplé 
relationship: 
G (8, ~) = Ng (8, 9). 

(8, 9) = Ng, @) aa 
This relationship determines one of the major advantages of the utilization of the 
element directivity characteristic in an array: using this directivity character- 
istic, one can determine the gain of a fully excited array. 


If the generators which drive the radiators are matched to the feedlines running 
to the radiators and there are no thermal losses, then the difference between 
the gain of the antenna array and the directional gain is determined by the 
energy reflected from the radiators back to the generators: 


G (09, 9) = D (0, ») [1 —I? (0, yl, © (2.14) 


where T(6, 6) is the reflection factor in the feeders driving the radiators. 


Reflections in feedlines are due to mismatching these lines to the input impe- 
dances of the radiators of a fully excited array. Since the excitation phase of 
the array elements changes during scanning, the input impedance of the radiators 
is a function of 6, 9. The coefficient T is related to the input impedance of 
a radiator Z, by the following relationship known from transmission line. theory: 


T (0, 9) = [Za (8, 9) —ZVIZe (8, 4) + Zol, . (2.15) 


where Zo is the characteristic impedance of the feeder to which the radiator is 
connected. 


‘If there are no higher order diffraction maxima, then the directional gain of the 


array is determined by the expression: 
D = (42/0) AN cos 0, (2.16) 


where 6 is the angle formed by the direction of the main lobe of the directional 
pattern and the normal to the plane of the array; A is the area allocated for 
one array element, 


By comparing (2.13) -- (2.16), we obtain: 
2 (0, o) = 4x) A cos 0-0, aay 


Expression (2.16) ties together two different operational modes of an antenna 
array. The gain of an element corresponds to the excitation of just one element 
in the array, while all the remaining ones are loaded into matched loads. The 
reflection factor characterizes the reflected power when all of the array elements 
are excited. 


If the value of Z, is found theoretically, then one can determine g(6, $) by 
means of expressions (2.16) and (2.17), and then the gain of the array G(@, 6). 
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a In the case where it is difficult to calculate 2, and Tf because of the complexity 

> of the analytical description of these quantities, one can experimentally measure 
g(6, >) in an array, all of the radiating elements of which with the exception of 
one are loaded into a matched load. It is enormously simpler to measure g(8, 6) 
than to experimentally determine G(6, 9) and Z,(6, $) in the case where it is 

: necessary to excite all of the array elements. The difficulties in this case are 
obvious. They are determined by the complexity of the excitation feeder system. 

j Based on the measured g(6, 6), one can determine |r| and the SWR in the lines 
leading to the radiators by means of (2.16). 


The ideal directional pattern of an element in an array which provides for array 
matching for any beam direction in space can be derived from expression (2.16). 
In fact, it follows from (2.16) that [ = 0, if: 


gz (0, p) = (4 2A/y*) cos 0. (2.18) 


Thus, the directivity function of an ideal element in an array has the form: 
F (0, 9) = (V4 A/a) V cos 0. (2.19) 


The efficiency and universal nature of the directivity function of an array radia- 
tor is due to the fact that all of the effects related to the interaction of 
radiating elements are taken into account in it. It must be noted that the intro- 
duction of the directivity characteristic of an array radiator is based on the 
assumption of the identical nature of the directivity functions of all of the 
radiators, which, generally speaking, is most likely the case in finite arrays. 
However, in the case of large arrays, the existing differences are insignificant 
for all of the radiating elements except those which are located at the edges 

of the array. 


2.4. Radiators of Phased Antenna Arrays 


Dipoles, open ends of waveguides, dielectric rod, helical and slotted radiators, 
etc. are used as the radiators of phased antenna arrays. Considerable attention 
has been devoted in recent years to printed circuit radiators (also see Chapter 
9). The choice of a particular type of radiator is governed by the working fre- 
quency band, the requirements placed on the shape of the directional pattern of 
an individual element radiating power, as well as the polarization characteristics 
and broadband response. 


There are three methods used at the present time in the design of radiating 
elements: 1) the technique of an array with a small number of elements; 2) the 
technique of waveguide models; 3) the technique of mathematical simulation. 

The major problem in the design work consists most often in minimizing the reflec- 
tion factor in a specified scanning sector and frequency range. 


In the first case [013], it is necessary to design an array with a relatively 
small number of radiating elements, to determine the coefficients and subsequently 
calculate the reflection factor for the center element. Then a matching device 

is chosen for each element, after which the entire procedure is repeated to 
confirm the results and improve the matching. The method is extremely laborious 
and has poor precision for directions close to the angles where the diffraction 
maxima occur. 
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Experimental modeling of the operation conditions of a radiating element as a 
component part of an infinite antenna array is used in the method of waveguide 
models [0.8] for several values of scanning angles, by means of placing a small 
number of radiators in a special waveguide unit. One of the drawbacks to the 
technique is the limited number of directions for which one can experimentally 
determine the reflection factor. Because of these specific features, the method 
does not allow for obtaining complete information on the: properties of an array 
radiator in a specified scanning sector and frequency range. 


The third method, which is based on the study of a mathematical model of the 
radiator, is the most promising and has no fundamental limitations on the type 
of radiators which can be studied. It is applicable to radiating elements which 
can be "calculated", i.e., for which a solution is known for the corresponding 
boundary problem as applied to an infinite array. Although the number of types 
of such radiators is small, there are extremely interesting ones for practical 
applications among them. These are waveguide radiators and their different 
variants (waveguide radiators partially and completely filled with a dielectric, 
or coated with a dielectric layer), dipole and director radiators over a con- 
ducting flat surface, as well as dielectric rod and slotted radiators with 
various excitation methods and certain others. A great advantage of the technique 
is the fact that mathematical simulation makes it possible to reproduce any 
changes both in the model which are possible in principle and in an experiment, 
but which may be difficult to realize. The utilization of the technique sub-~ 
stantially curtails the volume of experimental studies related to the development 
of the radiators, and in a number of cases, even eliminates them. 


When using mathematical modeling, the process of developing a radiator can be 
broken down into four steps: 


1) The choice of the type of radiating element and the determination of the para- 
meters of the layout grid for the radiators in the arrays; 

2) The calculation and minimization of the reflection factor by means of varying 
the radiator parameters being changed; 

3) Selecting a matching device and matching the radiator; 

4) Checking the results obtained with the simplest waveguide model. 


The first step was partially described in § 2.2. 


If an equivalent circuit is known for the selected matching device and its para- 
meters can be determined, then the matching device can be completely designed 
and optimized along with the radiator. In this case, the second and third steps 
are performed simultaneously. It must be kept in mind that in any case, the 
matching device should be placed closer to the r-iiator so as not to degrade the 
frequency properties of the array. 


A distinction is drawn between matching phased array radiators for one direction 
a and wide angle matching. Matching for one beam direction is accomplished by 
conventional methods adopted in microwave engineering (reactive loops, quarter- 


wave transformers, etc.). Some methods of wide angle matching of radiators are 
described in § 2.6. 
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A description of mathematical models and director, slotted and waveguide radia- 
tors is given in Chapter 10. 


Dipole radiators in a phased antenna array 
are usually positioned over a plane conduc= 
ting surface, which plays the part of a 
shield and prevents back radiation. Theo- 
retical and experimental studies show that 
two factors have the greatest impact on the 
characteristics of a dipole radiator incor- 
porated in an antenna array: the arrange- 
ment of the radiators in the array and 
their postion relative to the conducting 
shield. A reduction in the step spacing 

of the array leads not only to the suppres- 





Figure 2.10. Structural design of a 
dipole radiator. 


Key: 1. Dipole arms; sion of higher diffraction maxima, but 
2. Balancing unit; also makes it possible to improve matching 
3. Conducting shield; in a wide sector of scanning angles. 
4. Feedline input. Changing the height of a dipole radiator 


over the shield leads to an improvement 

in the matching in the extreme positions of 
the beam during scanning in the E and H 
planes. 


A parameter which has a considerably lesser 
impact on matching in the scanning sector 
is the dipole length, if the initial match- 
ing is accomplished in the direction of a 
normal to the plane of the radiators. 


A schematic depiction of the structural 

3 : . design of a dipole radiator positioned 
Figure 2.11. A dipole phased antenna aheve a conducting shield is shown in 
ears Figure 2.10. Included in the structure, 
besides the dipole itself, are a balancing unit and a feedline, which perform the 
additional functions of mechanical supports holding the arms of the dipole. The 
presence of the supports can lead to undesirable resonance phenomena under certain 
conditions, 





An example of dipole radiators with good matching is shown in Figure 2.11. Each 
radiator takes the form o/ a system of mutually orthogonal, separately excited 
dipoles, and it can be used to obtain circular polarization, or can be used in 
arrays with two independent channels with polarization decoupling. 


Design practice for such radiators shows that the nonparallel nature of the dipole 
arms makes it possible to eliminate resonance effects which lead to the blinding 
of the phased array. 

Printed circuit technology can be used to fabricate dipole radiators. Moreover, 


when printed circuit technology is used, the radiating elements, RF feed networks 
and phase shifters can be fabricated in a single cycle. 
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As studies have shown, the use of directors makes it possible to obtain good 
matching of a phased array in a wide sector of angles through the selection of 
the length and configuration of the directors. 


Waveguide radiators have proved to be one of the most convenient radiators in 
the centimeter band for phased antenna arrays, for the following reasons: 


1) Waveguide radiators are a natural continuation of the waveguide section 
- where a phase shifter is placed; 
2) They are characterized by a high transmission power level; 
3) The properties of the radiator can be predicted based on analysis and calcula- 
tions which in this case play the main role in the design work; 
4) The computed characteristics of a radiator in a large array can be checked by 
means of measurements using a simple waveguide model. 


The data obtained as a result of analyzing the properties of arrays of waveguide 
radiators show that with an increuse in the dimensions of the waveguides, the 
influence of the higher harmonics in the aperture of the radiators becomes quite 
substantial. In contrast to arrays with radiators of relatively small dimensions, 
for example, half-wave dipoles in which a sharp increase in the reflection factor 
coincides with the appearance of higher order diffraction maxima in the range of 
real angles, when waveguide radiators of sufficiently large size are used, a 
sharp mismatching begins at smaller scanning angles, something which degrades 

the array properties because of the narrowing of the scanning sector. In this 
case, the following law is usually observed: the greater the cross-sectional 
dimensions of the waveguide radiator, the smaller the scanning angles for the 
onset of sharp mismatching. In important consequence following from this is 

the conclusion that the spacing between the elements in an array cannot be chosen 
by working solely from the requirement of a lack of higher order diffraction 
maxima in the region of real angles. The results of studying waveguide radiators 
[09] are summarized in Table 2.2, where the limitations on the placement of 
radiators in rectangular and triangular grids are indicated which prevent the 
appearance of higher harmonic resonances in the apertures of waveguide radiators. 


Triangular Grid Tpeyronpuaa cetka 


a3 
4, 0,75 0,75> “ 20,6 | 0,6>—1->0,45 i <0,45 
ern 
aj < 0,7 _ afi < 0,65 a/i < 0,6 a/\ < 0,75 
b/k 20,4 b/k <0,4 b/h < 0,4 bIk < 0,4 


Rectangular Grid fjpgmoyroannan cetKa 
aj < 0,75; 6/4 < 0,5 


eT 


The placement of waveguide radiators in antenna arrays and the designations of 
the geometric dimensions cited in Table 2.2 are shown in Figure 2.12. 


Approximate dimensions of a waveguide radiator can be selected using the data of 
this table so as to subsequently determine its characteristics and optimize them 
by experimental processing or modeling on a computer. 
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Figure 2.12. Phased antenna array geometry. 


A phased antenna array of waveguide radia- 
tors is shown in Figure 2.13. More complex 
radiating structures, the basis for which 
are waveguide radiators, are treated in 

§ 2.6. 


To obtain circularly polarized radiation or 
two independent polarizations, both wave- 
guide dimensions should be sufficiently 
great to assure wave propagation with mutual- 
ly orthogonal polarizations. On the other 
hand, the maximum dimensions of the radia- 
tors are limited by the step spacing of the 
array and in the majority of cases, steps 
must be taken to reduce the cross-section 
dimensions of the waveguide radiators. 
Blade inserts (Figure 2.14) are used or a 
transition is made to coaxial radiators 

: ; using a Hj, mode [013] to reduce the dimen- 
Figure 2.13. A phased antenna array sions of such waveguides. With the appro- 
of waveguide radiators. priate choice of dimensions of cylindrical 
conductors for a coaxial radiator (Figure 2.15) which assure the propagation of - 
an H,, mode, the cross-sectional dimensions of the radiator can be made less than 
half a wavelength. 





A coaxial line is used for the feed to the radiator. The transition from the 
= feedline to the coaxial radiator is positioned at a spacing of 0.5 Ag, while the 
diumeter of the inner conductor is chosen so that this spacing is equal to 
An 11/4. This provides for Hj1 mode propagation and the suppression of the T 
mode. Moreover, a supplemental filter can be inserted between the radiator 
aperture and the transition adapter for T mode suppression. A standing wave 
ratio, Kgt, of less than 3.5 in a passband of 1% was obtained in a scanning 
sector of +50% relative to a normal to the plane of the array for the given radia- 
tor. 
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. t . 
Figure 2.14. The configuration of - Figure 2.15. A coaxial radiator. 
waveguide radiators with reduced 
cross-sections. 





Key: 1. Crossbar transition; 
2. Feedline; 
3. T mode filter. 





Figure 2.16, Radiator with a multimode Figure 2.17. Waveguide-dipole radiator. 
waveguide section. . 


Another type [09] of radiating element with circular or double mutual orthogonal 


‘polarization of the field is a radiator (Figure 2.16), the cross-sectional dimen- 


sions of which are reduced through the use of an overmoded circular waveguide, 
excited by two crossed dipoles. The length of the overmoded waveguide section 
is made small. After matching, the value of K,; is < 2.0 within a scanning sec- 
tor of + 50% relative to a normal to the plane of the array in a 13% passband. 


An example of a radiator with small cross-sectional dimensions having double or 
circular field polarization is a waveguide-dipole radiator (Figure 2.17). The 
radiation fields of the printed circuit dipole and the open end of the waveguide 
are polarized in mutually perpendicular planes. The feed is delivered to the 
dipole radiator by means of a stripline, placed in the waveguide. Since the 
dipole radiator is parallel to the wide wall of the waveguide, then in the trans- 
verse direction, the size of the waveguide-dipole radiator is determined by the 
size of the narrow wall of the waveguide. 


Printed Circuit Radiators. In those cases where stringent requirements concerning 
size and weight are placed on a phased antenna array, printed circuit components 
can be used as the array radiators [013]. These radiators are arranged a short 
height above a plane conducting shield (about A/20); a special feature of them 

is the possibility of utilizing printed circuit technology in the fabrication of 
multielement subarrays with microwave feed circuits and radiators, arranged on 
both sides of the substrate. 
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Figure 2.18. Printed circuit radiators. 


Key: a. Disk; 
b. Two stub strip radiator; 
c. Single stub strip radiator. 


Different variants of printed circuit radiators exist. In the latest variant 
((Figure 2.18a), the printed circuit radiator takes the form of a disk (1), 
positioned above a metal shield (2) on a dielectric substrate of small thick- 
ness (3). The disk is excited by means of two stubs, to which the energy can 
be delivered either by a coaxial feeder or by means of a stripline, placed on 
the opposite side of the shield. The stubs are excited out of phase which pro- 
vides for maximum radiation in the direction of a normal to the plane of the 
shield. The utilization of two pairs of exciting stubs, positioned in perpen- 
dicular planes and excited with a phase shift of 90°, makes it possible to 
obtain circular polarization of the radiation field. 


Another variant of a printed circuit radiator is shown ir F’.gure 2.18b. The 
array takes the form of a system of metal strips (1) each of which is excited by 

a definite number of paired stubs (2). The dashed line singies out the individual 
radiator (3) in this system. The pair of radiator stubs is excited out of phase. 


A single stub printed circuit radiator is shown in Figure 2.18c. To simplify 
the excitation device, one of the stubs is removed in each radiator (3), however, 
this necessitates the placement of shunting stubs (2) between the individual 
radiators which electrically couple the strip conductor (1) to the metallic 
plane (4). Such a structural design in extremely close in terms of its proper- 
ties to a section of rectangular waveguide with a length of Aw/2 filled with a 
dielectric, excited by a stub positioned near one of its open ends. The fields 
radiated by the open ends of a waveguide Ayy/2 long in the direction of a normal 
to the plane of an airay are in phase. 
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Changing the input impedance of a printed circuit. radiator to match it to the 
feeders can be accomplished by virtue of changing the spacing between the stubs 
in two stub designs or shifting the stub in single stub structures, 


Since the thickness of the dielectric substrate is small, resonance effects which 
lead to dips in the directional pattern of the printed circuit radiator are 
absent. 


Research has shown that the best matching can be obtained for a disk diameter of 
0.6 Ag Qg is the wavelength in the dielectric) and with a strip width of 0.5 hg, 
where the excitation is realized by means of two stubs. In the case of printed 
circuit radiator excitation by one stub, acceptable matching is achieved when it 
is placed at the edge of the strip. 


. Studies show that radiators can be quite well matched.: Thus, for an array of 
single stub radiators, a value of K,, < 1.2 was obtained in a 12% passband. 


2.5. Wide Angle Matching of Phase Antenna Arrays 


Mismatching of an array to a feeder system, which is due to the interaction of 
radiators during scanning, reduces the attainable gain, leads to direction pattern 
distortions and has a harmful impact on the amplifiers which may be inserted in 
the array following the radiators. In contrast to conventional matching for one 
beam direction, the utilization of wide angle matching techniques makes it possi- 
ble to improve the characteristics of the array throughout the entire scanning 
sector. For example, in a conventional antenna array intended for scanning in 

a range of one-third of a hemisphere, at a single frequency with conventional 
matching, T < 0.55 (Key < 3.5) [0.13]. The maximum gain losses with mismatching 
in this case amount to 1.6 dB. The application of wide angle matching techniques 
makes it possible to reduce the losses down to 0.8 dB, which is equivalent to 
increasing the antenna area by 20%. 


A 


+ 
fate 


bb 





8) 
Figure 2.19. The connection of radiators Figure 2.20. An example of radia- 
in linear antenna arrays. tor connection in a planar antenna 


array. 


Methods of wide angle matching of phased antenna arrays can be broken down into 
a two groups: 1) methods related to modifying the structure of the device exciting 
the array; 2) methods, the use of which leads to the placement of additional 
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: elements in front of the radiating aperture, the reflection from which reduces 
the change in the input impedance of the radiators during scanning. 


The following methods of wide angle matching for phased arrays belonging to 
group 1 have been described in the literature: 


1. The utilization of coupling networks betweca the elements. Sections of trans- 
mission lines or reactive elements, which couple the array radiators, are used as 
the coupling networks. The methods of coupling the elements can vary. Shown as 
an example in Figure 2.19 are connections of radiators in a linear array. Such 
connections are equivalent to the insertion of a reactance in parallel with the 
radiator, where the reactance depends on the scanning angle. Selection of the 
coupling network parameters makes it possible to reduce the change in the input 
impedance during scanning. One of the variants for the insertion of coupling 
networks in a two-dimensional array is shown in Figure 2.20. In accordance with 
[013], the use of this configuration in an array of dipole radiators intended for 
scanning in a conical region of 6 < 60°, makes it possible to reduce the range 

of variation in the reflection coefficient down to |r| < 0.26 (Kgy < 1.7) as 
compared to |r| < 0.67 (Kgz < 5.1) in the case of conventional matching. 

2. Filling the waveguide radiators with a dielectric. In the case considered | 
here, the dimensions of the waveguide radiators and the parameters of the filling 
medium are chosen so that only one mode propagates. 


Such a technique was treated in the study of antenna arrays of plane-parallel 
waveguides [0.13], which scan in one plane, as well as circular waveguide arrays 
with a rectangular grid for the radiating elements, which scan in the H-plane 
[0.13]. An improvement in the matching is achieved when this method is used by 
virtue of filling the waveguides and through a reduction in the dimensions of the 
radiating elements, which assures single mode operation of the waveguides. In 

the case of very small radiating elements, the difference in the power directional 
patterns of an isolated radiator and an ideal radiator (cos 6) can serve as a 
measure of the mismatching during scanning. In the H-plane, the directional 
pattern of a waveguide radiator expands with a decrease in the dimensions of the 
waveguide, approaching cos6, Consequently, a reduction in waveguide dimensions 
improves the directional pattern of a waveguide radiator in the H-plane. Contrari- 
wise, the directional pattern in the E-plane widens as compared to cos 6. It 
follows from this that the filling of waveguides with a dielectric and the reduc- 
tion in radiator diwensions related to this reduce the mismatching during H-plane 
scanning and increase it in the case of scanning in the E-plane. 


3. The use of waveguide radiators with several propagating modes [09]. In the 

case of linear arrays, an improvement is achieved in the matching through the 
choice of the relationship between the amplitudes of the two modes, which are 

the Hyg and Hag modes in the case of scanning in the E-plane. This method makes 

it possible to reduce the range of variation in the reflection coefficient in an 
angular sector of @ = +54° down to |r| < 0.09 (Kg, < 1.2) as compared to lr] < 0.23 
(Ket < 1.6) when using a single mode: Hig: It must be kept in mind that in this 
case, the directional pattern becomes asymmetrical in the H-plane and a null 
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appears in one of the directions, which is absent when using only the Hig mode. . 
The indicated defects in the directional pattern are due to the intense excitation 
of a Hj9 mode and field distribution asymmetry in the waveguide aperture. 


4, The use of electronically tuned matching devices. Although this technique can 
provide for wide angle matching, it requires the insertion of additional control 
devices in the array, something which greatly increases the cost and reduces the 
reliability of phased antenna arrays. 


5. The use of matching devices which absorb reflected waves in the radiator chan- 
nels. Circulators and isolators, inserted between each element and the generator 
can be used as matching devices. This method makes it possible to improve the 
operational conditions for the generators, but does not reduce the gain losses 
due to mismatching of the radiators. 


The following techniques belong to group II. 


1. Inserting conducting partitions in the H-plane of a dipole array (Figure 2.21). 
These partitions reduce the change in the reflection coefficient during E-plane 
scanning, without influencing the conditions for matching in the case of H-plane 
scanning. When this method of matching is employed, a figure of Ir| < 0.23 (Ket < 
1.58) can be obtained in a conical scanning sector of 6 < 60°, while in the case 
without partitions, |r| < 0.45 (Ko; < 2.63) in the same sector. These results’ 
are justified for radiators positioned at a spacing of less than half a wavelength. 
The improvement in the matching in this case is due to the change in the dipole 
directional pattern in the E-plane, which makes it more similar to the directional 
pattern of a waveguide radiator. The directional pattern of an isolated dipole 
is substantially narrower than an ideal radiator pattern, while the directional 
pattern of a waveguide radiator in the E-plane can be made extremely close to the 
corresponding directional pattern of a ideal radiator. The utilization of this 
method for a waveguide array does not lead to a marked improvement in the matching 
with the conventional configuration of the elements [0.13]. An improvement in 
the matching proves to be possible only with a reduction in the spacing between 

_ the radiators as compared to that defined by expression (2.3) [013]. 


2. The placing of a thick dielectric 
plate in the aperture of the antenna 
array. When scanning in the H-plane in 
an angular sector of 6 = +72°, a figure 
of Koz < 1.15 was obtained for an 
antenna array of flat waveguides [08] 
Key: 1. Dipole; 2. Baffle; 3. Conduct~ with a dielectric plate, as compared to 
ing shield. Kst < 2.2 without the plite. This meth- 
od is applicable for rectangular and 
circular waveguides in a rectangular 
and triangular grid. However, in the 
case of E-plane scanning, the dielectric 
plate increases the reflection, which 
leads to the appearance of resonance 
dips in the directional pattern of the 
radiator. 





GORI O  P OO Oe TO PGP MED 
Figure 2.21. A dipole antenna array with 
matching baffles. 





: Figure 2.22. A thin dielectric sheet 
over a waveguide array. 
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3. The use of a thin dielectric sheet with a high dielectric permittivity, placed 
a small distance from the waveguide array (Figure 2.22). This sheet acts in a 
manner similar to a reactance, which changes during scanning. During waveguide 
simulation, a value of |r| < 0.38 (Kst < 2.2) was obtained without the sheet and 
a value of |r| < 0.2 (Kgt < 1.5) with the dielectric sheet. A drawback to this 
technique consists in the fact that there is a tendency towards a reduction in 
the scanning sector in the E-plane, as well as in other planes which do not coin- 
cide with the H-plane, because of resonance phenomena. However, this can be 
avoided when the thickness of the dielectric is reduced, while the dielectric 
permittivity is increased. 


4. The utilization of a "loaded" conducting plane. One of the examples of the 
use of this method is an array of flat waveguides, between which short circuited 
sections of the same waveguides are placed (Figure 2.23a). A waveguide array 
with a triangular grid for the placement of the radiators, separated by short 
circuited flat waveguides (Figure 2.23b) can serve as another example. This same 
method also includes the use of short circuited rectangular waveguides, placed 

in the gaps between waveguide radiators (Figure 2.23c). In the latter case, total 
mismatching ({r| = 1) is successfully prevented in planes not coinciding with the 
H-plane, which is due to the appearance of higher order diffraction maxima or 
resonance effects, which lead to the blinding of the antenna. The possibility 
arises in this case for widening the scanning sector to a certain extent as com- 
pared to the sector determined by the appearance of higher order diffraction 
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Figure 2.23. Examples of a "loaded" flat shield. 


5. Close spacing of the radiating elements. When the radiating elements are close 
together, the higher order diffraction maxima move over to the region of imaginary 
angles and remain in it for any scanning angles. The change in the reactive com- 
ponent of the input admittance of the radiators is reduced in this case and the 
mismatching is basically due to the change in the resistive component. 


The effectiveness differs for the methods of wide angle matching within the pass- 
band enumerated above. 


The most broadband techniques can be considered the methods of reducing the spac- 
ings between the elements, the use of a thin dielectric sheet with a high dielec- 
tric permittivity and baffles between the radiators. Reducing the spacing between 
the radiators is unacceptable in the majority of cases, since it leads to an 
increase in the number of radiators. The two other methods are applicable both 

to waveguide and dipole radiators, arranged in triangular and rectangular grids. 
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A dielectric plate can be employed when scanning in one plane and for matching over 
a band of frequencies. In the case of a waveguide array, matching is achieved in 
the H-plane, and in the case of dipoles, is achieved in the E-plane. 


2.6. Structural Configuration of Phased Antenna Arrays 


Optical type and closed channel power dividers are used to excite phased antenna 
array radiators. 


There are two kinds of antenna array configurations using optical type dividers. 
In the first case, the energy from the feed irradiator impinges on the collector 
(Figure 2.24a) array, passes through the RF circuits and phase shifters, and is 
then reradiated in the requisite direction by another array. In the second case 
(Figure 2.24b), the collector and reradiating array are combined. The power 
received from the feed irradiator is reradiated in the requisite direction. 


A merit of optical type dividers is simplicity with a large number of radiators. 
Feed irradiators of the corresponding reflector antennas can be used as the feeds, 
including monopulse feed irradiators to produce sum and difference directional 
patterns. An advantage of reflector type arrays is their structural design and 
operational convenience, which consists in the accessibility of the radiating 
elements during alignment and replacement from the nonradiating side of the array. 
An example of the structural realization of a reflective array, intended for 
installation in an aircraft, is shown in Figure 2.25. In a transmissive array, 
better characteristics can be obtained by optimizing the collector and reradiating 
arrays individually. 
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Figure 2.24. Configurations of antenna arrays with optical power 
dividers. 


Energy "spillover" through the edges of an array, similar to what occurs in reflec- 
tor antennas, must be numbered among the drawbacks to arrays with an optical 
method of exciting the elements. This leads to a reduction in the surface utili- 
zation factor and an increase in the sidelobe radiation background.. 


Dividers in the form of a closed channel are made using series and parallel power 
divider circuit configurations (Figure 2.26). In the case of series power divi- 
sion, the phase shifters can be inserted in the lateral branches of the feedline, 
running to the radiators (Figure 2.26a). In this case, 1/Nth part of the power 
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flows in each of the N phase shifters, while the power losses are governed by the 
losses introduced by a single phase shifter. The drawback to this circuits is 
the differing electrical lengths of the path from the antenna input to the 
radiators, which can lead to phase distortions at the edge of the frequency band. 

‘ To eliminate phase distortion, it is necessary to inset compensating feeder sec= 
tions in the lateral branches (see § 2.8). 


With a parallel power division circuit (Figure 2.26b), which also permits the 

use of low power phase shifters, the overall power losses are determined by the 
losses in a single phase shifter and there is the capability of equalizing the 
lengths of the individual channels to assure a broadband response. A drawback 

to the parallel configuration is the complexity of matching when dividing the 
power among a large number of channels. The double stepped configuration (Figure 
2.26c) belongs among parallel division configurations, where in each node of this 
circuit the power is divided equally or unequally. In the case of equal divisica, 
the double stepped configuration can be made to have a broadband response because 
of the use of feeder sections of equal length from the input to each radiator. 

In the case of unequal division, the phase and amplitude distortions within the 
passband in the output lines of the branches will be large, while the passband 
will be narrower as compared to the case of equal division. 





Figure 2.26. Schematics of power dividers in the form of a closed 
channel. 


Various units can be employed as power dividers: waveguide and coaxial Tees, 
waveguide bridges, directional couplers using coupled striplines, as well as 
resistive ring power dividers using striplines. 
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Figure 2.27. A double stepped circuit configuration with hybrid 
power dividers. 


Key: 1. Incident waves; 
2. 2Zaflected waves; 
3. Hybrid power dividers. 


As a result of the mismatching of the radiators during scanning, the antenna sys- 
tem gain is reduced, and something which is no tess important, amplitude and phase 
distortions appear which in turn can substantially change the sidelobe radiation 
level of the phased array. The latter factor is important for arrays with a 
requisite low sidelobe level. 


In analyzing the impact of radiator mismatching on the shape of the directional 
pattern and the operational mode of the feeder system, reflections in the 

radiator feed circuits can be treated as excitation of a plane wave in the 
radiators and feeder system, where this wave arrives from a direction which is 

the mirror reflection with respect to the direction of the main lobe (Figure 2.27), 
as well as subsequent sequential re~reflection of the waves excited in the feeder 
system from the radiators and the power divider. For arrays consisting of a large 
number of radiating elements, the reflection coefficients can be considered approx- 
imately the same and equal to the reflection coefficient of an infinite array. 

The reflected waves propagating from the radiators in the feedlines partially 

pass through to the input of the antenna, and are partially returned to the 
radiators, again passing through the phase shifters. These waves, in turn, are 

in part radiated and in part reflected, etc. During the radiation of each repeat 
wave, additional sidelobes appear in the directional pattern. 


= Antenna arrays with various types of power dividers have differing sensitivity to 
mismatching. In the simplest case, when each radiator is excited from a separate 
generator with a nonreflecting output, the mismatching of the radiators has no 
effect on the shape of the directional pattern, since the reflected wave is com- 
pletely absorbed. A similar effect occurs in double stepped circuits, where hybrid 
connectors are used as the power dividers. For example, resistive ring power 
dividers using striplines can be employed as the dividers in double stepped cir- 
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cuit configurations (Figure 2.27). In such dividers, a portion of the reflected 
waves passes through to the antenna input, while the remaining part is absorbed 
_ in the resistors. In this case, the reflected waves are not reradiated and the 
radiators are decoupled. Double stepped power dividers with resistive ring ele- 


ey can be built using striplines by means of printed circuit technology (Figure 


Another example of a feeder system which 
absorbs the reflected wave and provides 
for decoupling of the radiators is a 

power divider in which directional couplers 
are used as the coupling elements (Figure 
2.29). The waves reflected from the 
radiator pass through to the antenna input 
or are absorbed in the loads of the direc- 
tional couplers, but are not reradiated by 
the radiators. 





Figure 2.28. A stripline power divider 
= with resistive ring dividers. 





Figure 2.29. A power divider with Figure 2.30. A combination power divi- 
directional couplers. der circuit using a radial lin.. 
A radial line (Figure 2.30) excited in Key: 1, Radial line; . 
; 2. Feeders of equal electrical 
the center by a circular waveguide 
= [013], can be used as a power divider length; 
: 3. Radial line exciter. 


for a linear antenna array. The mode 

propagating in the radial line excites the radiators of the collector array, which 
can be the open ends of waveguides or other radiators. The radiating elements of 
the linear array are coupled to the radiators of the collector array by feeder 
lines of equal length, for which it is convenient to use flexible coaxial cable 
sections in the given case. 


If a Eg] mode propagates in a circular waveguide with an azimuthally symmetrical 
field, then all of the array elements are excited in phase with equal amplitude. 
However, if a H,, mode is excited in the circular waveguide, then the amplitude 
of the electrical field intensity at the output of the radial line will vary in 
accordance with a cosinusoidal law. With the simultaneous excitation of Hj, and 
Eg 1 modes, the resulting field at the output of the radial line is: 


Ex =Eg,,-+ En, CoS 9 = Eon 4- Ey cos* ((p/2). 
Schh ie 
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By choosing the ratio of the modal amplitudes excited in the circular waveguide, 
one can produce directional patterns with various properties. Beam scanning is 
accomplished by means of phase shifters inserted in the feedlines. The electrical 
length of these lines is chosen the same so as not to degrade the frequency res- 
ponse of the divider. 


In the case of small scan angle sectors, it is expedient to combine the great 
capacities of electrical scanning systems and the precision of traditional 
reflector antennas to reduce the cost of antenna systems [09]. A schematic 
depiction of such antenna systems is shown in Figure 2.31. The operational 

= principle of the antennas considered here can be described by using as the ana- 
log for these devices, reflector systems in which the beam scanning is achieved 
by shifting the feed radiator from the focal point in a transverse direction. In 
the case considered here, control of the radiator excitation phase (phasing) of 
the small feed irradiator arrays is realized so that the field produced by them 
corresponds in the sense defined here to the field of a shifted radiator. Using 
the system depicted in Figure 2.3la, scanning can be realized in an angular sector 
not exceeding 10 times the directional pattern width. A twin reflector, excited 

= by a small phased array (Figure 2.31b) scans in an angular sector of less than 

: 5° with a beam width of less than 1°. An example of the structural design of 
a transmissive type antenna system (Figure 2.3lc) is shown in Figure 2.32. The 
given antenna is intended for scanning in an angular sector of 14 x 20°. The feed 
radiator array, with dimensions of 22.5 x 30 cm consists of 824 elements. It is 
not necessary to use the reflector in the systems described here; a lens antenna 
can be used in place of it. 





Figure 2.32. A scanning reflector anten- Figure 2.33. A planar spherical trans- 
. na with an auxiliary phased missive antenna array. 
antenna array. 
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An example of the realization of the optical technique of energy distribution in 
transmissive arrays is a planar spherical antenna with dual polarization and 
separate inputs for each polarization. In such an array (Figure 2.33), the spher- 
ical wave irradiated by the feed radiator excites the elements of a spherical 
collector array. Coaxial cables of equal length, in which the phase shifters are 
inserted, connect the elements of the spherical array to the subarrays of the 
planar radiating system. Each subarray is controlled by a single phase shifter, 
since its scan sector is small’ (See § 2.2). 


The spherical shape of the collector array 
makes it possible to reduce energy losses 
related to reflection, since the wave 
incidence angle on the collector array is 
the same at any point on it and the radia- 
tors of the collector array can be quite 
well matched. In this case, a greater 
bandwidth is achieved, since the spacings 
from the feed to the elements of the 
collector array are the same. A general 
view of an antenna array and one of the 
subarrays is shown in Figures 2.34 and 
2.35. The radiators of the subarray are 
symmetrical dipoles. The radiators in 
each subarray are split into two indepen- 
dent groups, having mutually orthogonal 
polarization. Each group is controlled by 
a separate phase shifter. There are two 
Figure 2.34. General view of a planar mutually perpendicular dipoles in the 





spherical antenna array collector array corresponding to the indi- 
from the radiating array cated groups of radiators. The overall 
side. electrical length of the microwave circuits 


from these dipoles of the collector array 
to the subarray is the same. Such a sys- 
tem, which takes the form of a controlled 
lens, is capable of reradiating a wave of 
any polarization. If the feed radiator 
radiates two waves with orthogonal polari- 
zation, then the field radiated by the 
antenna system can have either linear or 
circular polarization, depending on the 
phase and amplitude relationships between 
the orthogonal components. 





Figure 2.35. General view of a dipole 
subarray. 


The considerable spacing between identically oriented dipoles in the subarrays 
leads to the appearance of high level diffraction maxima in their directional 
patterns. However, the sidelobe level of the directional pattern of the entire 
antenna is substantially less, because of the annular arrangement of the 
subarrays (Figure 2.34). 


a EG = 
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‘2.7. The Passband of a Phased Antenna Array 


The major factors which influence the frequency properties of phased arrays are 
the frequency properties of the radiating aperture, the phase control technique 
employed (using phase shifters or delay lines), the type of power divider as 
well as the nature of the received or transmitted signal. Formulas are given 
in this section for the estimation of the frequency characteristics of a phased 
antenna array for signals inthe form of short and long pulses with a frequency 
which changes within the bounds of a pulse. 


It is assumed in the following in the estimation of the frequency properties of 
phased arrays that the working bandwidth of some of its devices, such as phase 
shifters, radiators and directional couplers, for example, is no narrower than 
the bandwidth of the array, determined by the major factors which are indicated. 


In the majority of cases of practical interest, a slight change is permitted in 

the phased antenna array characteristics within the working passband. For this 
5 reason, the effect of each of the indicated factors can be treated separately, 

and the overall éffect determined as the sum of the corresponding contributions. 


Frequency Properties of the Radiating Aperture. If the phase distribution. remains 
constant with a change in the frequency, then the beam produced by the aperture 
is shifted through an angle of [013]: Fak ae 
7 AO ~ — (Af/f) tg 8... 
, (2.20) 
It follows from formula (2.20) that the size of the aperture and the beam width 
do not influence the shift. With the same frequency change, the displacement 
depends on the direction of the beam and it is greater, the more the beam is 
deflected from the normal to the aperture. The passband, within which the beam 
displacement does not exceed half of itr width, is defined by the relationship: 


Afif = M2L sin O,qs (2.21) 


where L is the dimension of the aperture in the plane running through the normal 
to the aperture and the direction of the main lobe of the directional pattern. 


Frequency shifting of the beam leads to a gain reduction in the original direction. 
1 A graph of the change in the gain of a phased array as a function. of the argument: 


a= 0,285 Af (tg O5n)/200.5, : (2 ° 22) 


where Af is the bandwidth (in percent); 09,5 = 57\/L ° cos®, ain is the directional 
pattern width (in degrees), is shown in Figure 2.36. 


By using this graph, one can determine the passband of an aperture for a specified 
permissible change in the gain and for a known beam width and its maximum deflec- 
tion from the normal to the plane of the array: 


Af 2 3,3ttzon200,s/te Omar, (2.23) 


he 
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where u [Uj Jl is the argument of the function considered here, corresponding 
to the permissible reduction in the gain of the phased antenna array. In particu- 
lar, if the gain reduction should not exceed 1 dB, then for an array with a scan- 
ning sector of |@9| < 60°: 


Af~ 200.5. (2 24) 


The results cited here are justified for a signal in the form of a long pulse with 
‘a frequency which changes within the limits of a pulse. 


In the case where the signal takes the form of a short pulse of width t, which 
corresponds to a passband of Af = 1/1, the reduction in the phased array gain 
occurs because of the fact that for various spectral components, the shaping beam 
is shifted through different angles, so that the directional pattern of the phased 
array for a pulsed signal is wider than the directional pattern for the center 
frequency. 


We shall make use of the concept of "aperture filling time", which is defined as 
_ the time during which the wave front propagating at the angle @pain passes through 
- the entire aperture: 


T = L(sin Opn)/c, 


(2.25) 

_where c is the speed of light. Then condition (2.24) is equivalent to the condi~ 
tion: 

Ls = (2.26) 


The change in antenna gain is plotted in Figure 2.37 as a function of the ratio: 


“ua = Th = 0,57 Af (tg 00)/2 00,5: (2,27) 


It follows from this relationship that in the case of short pulses: 


—AFI%e] = 1,75t2qon 200,6/ tg Oras. | (2.28) 


If a gain reduction of no more that 1 dB is chosen as the criterion for determining 
the passband, then in a scanning sector of 6,,, = 60°, the passband for a pulsed 
signal is [013]: 

Af ~ 4 80,5 

I vant (2.29) 

Just as in the preceding case, the aperture bandwidth depends on the beam width, 
i.e., on the size of the aperture referenced to the wavelength. Increasing the 
directivity of the aperture leads to a narrowing of the passband. 


The Passband and Phase Shifters. Phase shifters used for beam control in phased 
anteana arrays can be broken down into phase shifters and controlled delay lines. 
Although this division is arbitrary and a signal delay also occurs in phase 
shifters, this delay is usually much less than the aperture filling time for 

any value of the phase at the output. This is due to the fact that the maximum 
change in the electrical "length" of a phase shifter does not usually exceed 360°. 
Moreover, the change in the phase at the output of a phase shifter is small within 
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Figure 2.36. The change in aperture gain Figure 2.37. The change in the aper- 


(—) and level of the ture gain (——) and level 
diffraction maxima (---) of the diffraction maxi- 
for long pulses. ma (---) for signals in 
Key: A. Gain losses, dB; the form of short pulses. 
B. Relative level of the Key: A. Gain losses, dB; 
diffraction maxima, dB. B. Relative level of the 


diffraction maxima, dB 
the working passband and it can be disregarded in a first approximation. 


Controlled delay lines used for scanning serve to change the eignal delay time in’ 
the channel of the corresponding radiator, which in the final analysis, as it 
stands to reason, is equivalent to changing the phase. The maximum signal delay 
during scanning in angular sector of |e < 90° is equal to the aperture filling 
time. However, despite the seeming equivalence of phase shifters and controlled 
delay lines, the properties of the phased arrays within the passband differ 
substantially depending on the type of phase shifters employed. 


Let the phase change be accomplished with phase shifters. If.the phase relation- 
ships at the output of the power divider remain constant, then one can assume that 
the phase is also constant at the output of the phase shifters. Then the pass- 
band of the phased antenna array is governed by the frequency properties of the 
radiating aperture, something which has already been noted. 


If delay lines are used as the phase shifters, then the signal delay time in the 
channel for each radiator is chosen so that the signals from all of the radiators 
at the antenna output are added in phase, i.e., so that the spatial delay is 
cancelled out: 

Ta = Lyn/ce (2 e 30) 


where L, is the distance from the n-th radiator to a piane perpendicular to the 
direction of arrival of the wave passing through the edge radiator (Figure 2.38). 
The spatial delay does not depend.wii the frequency. For this reason, if the 


signal propagation velocity in the delay lines is also independent of the fre~ 
quency, then the frequency properties of the aperture do not limit the array 
passband and it is necessary to take other factors into account. Delay lines 
which possess the indicated properties can be designed around T mode guide sys- 
tems, the phase velocity of which does not depend on the frequency. Such a delay 
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a 4 es Bae line takes the form of a set of 
se a switched coaxial cables of different 
, lengths. However, during wide angle 
scanning, the use of controlled delay 
lines in the channel of each radiator 
does not prove to be possible because 
of the impermissible increase in 
antenna cost and structural design in _ 
conveniences related to the considera- 
ble overall length of the switched 
cables. For example, when scanning in 





Figure 2.38. Configuration of a phased an angular sector of Ona, = 60°, the 
antenna array with controlled maximum length of the switched cables 
delay lines. differs only slightly from the aper-~ 


ture size. A widening of a phased 
. array bandwidth can nonetheless be 
attained through delay line control of not individual radiators, but rather groups 
of radiators (Figure 2.38), while the phase control of individual radiators is 
accomplished in a group by phase shifters. Even when the aperture is broken down 
into two subarrays, the passband of a linear array is more than doubled. Doubling 
the passband of a planar antenna array is accomplished when the array is broken 
down into four parts. In the general case, to increase the passband by a factor 
| of N times, it is-necessary to,break a linear antenna array down into N.subarrays, 
| and a planar array down into N“ subarrays, controlled by means of delay lines. By 
employing the property of array symmetry, the number of delay lines with long 
cables can be substantially reduced [09]. 


The directional pattern of an antenna system, the subarrays of which are controlled 
by means of changing the signal delay time, can be represented in the form: 


F(0, ©) == Fy (0: 9) Fan (0, 9); (2.31) 


where F,(6, $) is the directional pattern of the subarray; Fy, is the multiplying 
factor for the array, the elements of which are the subarrays. 


With a change in the frequency (Figure 2.39), the main lobe of the array factor 
(1) remains in a constant position, since the phases of the subarray signals are 
controlled by means of changing the delay time, while the directional pattern of | 
the subarray (2) is moved, just as in the case of a radiating aperture, since the 
radiators of the subarrays are cont‘tolled by phase shifters. For this reason, | 
the frequency properties of the antennas considered here are determined by the 
frequency properties of the radiating aperture of the subarray. A significant 
circumstance in the given case is the increase in the level of the sidelobes of 
the directional pattern for the entire array at frequencies other than the center 
frequency. ‘This increase is due to the fact that when the main lobe of a subarray 
directional pattern is shifted relative to the array factor, spurious maxim (3) 
of the array factor (Figure 2.39) fall in the region of the maxima, where these 
spurious maxima coincide at the center frequency in terms of direction with the 
direction of the nulls of the subarray directional pattern. Therefore, the 

level of sidelobe radiation in the direction of the spurious maxima of the array 
factor increases. The sidelobe level for various signals is shown as a function 
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of the argument u in Figures 2.37 and 
2.38. It follows from the graphs that 
if the drop in the gain does not exceed 
1 dB, this level does not exceed 11 dB. 
The graphs shown in Figures 2.37 and 
2.38 also characterize the change in 
the gain of an antenna array with sub- 
arrays controlled by delay lines, where 
L in formulas (2.20) - (2.29) is under- 
stood to be the corresponding dimension 
of the subarray. 





a x = (nd-sinby) 


The Frequency Properties of Power 
Figure 2.39. The relative shift in the Divider Circuits. The Parallel Circuit 

Configuration. The various power 
divider circuits differ substantially 
in their frequency properties. Parallel 
and double stepped circuit configura- 
tions with equal power division in each 
branch possess the best frequency pro- 
perties.' This is due to the fact that 
the electrical length of the paths from 
the antenna input to each radiator are the same and change identically with a _ 
change in frequency. For this reason, the phase distribution remains constant 
within the passband at the output of power dividers designed in these configura- 
tions. Other feed circuits introduce additional phase shifts, which lead to a 
displacement of the beam of the array. 


directional pattern of a 
subarray with phase shifters 
and the maxima of the array 
factor with a change in the 
frequency in an antenna 
system with delay lines. 


The Series Circuit Configuration. In the case of series power division (Figure 
2.40), where additional transmission line sections are absent (Figure 2.40a), 
which equalize the signal path length from the antenna input to the radiators, a 
frequency change which changes the phase relationships at the input to the radia- 
tors leads to a deflection of the beam of the antenna array. If a T-mode propa- 
gates in the main trunk feeder, then the shift in the beam caused by the linear 
phase error occurring with the change in the frequency, is determined by the 
expression [013]: 
an, oA A en 

ae ae f aoe %: (2.32) 
where A, is the wavelength in the feeder trunk. The beam displacement which is 
due to the properties of the series feed circuit for the radiators, either adds 
to the displacement related to the frequency properties of the radiating aperture, 
or cancels it: if the beam is deflected in the direction of the array input, then 
the beam displacements add; if the beam is deflected in the direction of the load, 
then they subtract. The passband, within which the array gain falls off no more 
than 1 dB with a maximum beam deflection of 60°, cae defined by the relationships 
{013}: a 
289.5 


a (2.33) 
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in the case of a long pulse with a changing frequency, and: 


405 5 


= 


in the case of a short pulse. 





(2.34) 


1-FAg/A 





Figure 2.40. A series power division circuit configuration. 


aK 
une 


Figure 2.41. An optical power division 
circuit configuration. 


When the main trunk feeder is fed in the 
center (Figure 2.40b), the system can be 
treated as two antennas with series power 
division. If the beam is oriented with 
respect to the normal to the line of posi- 
tion of the radiators at the center fre- 
quency, then when the frequency changes, 
the beams of each of the halves of the 
array will move in opposite directions 
and the overall directional pattern will 
expand, without changing the direction. 
As a result, the directivity of the 


antenna array will be reduced. When the 
array beam is deflected from the normal, the angular motion of the beam due to 
the specific features of series power division, adds to the motion of the beam 
due to the frequency properties of the radiating aperture. For the different 
halves of the array, these motions are in opposition: for one half, the aperture 
motion is cancelled by the displacement due to the properties of the power divider, 
and for the other, the motions add together with the same sign. 


In the case of radiation along a normal, the series dividers are worse than paral- 
lel dividers, but with a deflection from the normal through an angle of + 60°, 

the degradation of the characteristics is approximately the same and does not 
exceed 0.25 dB for the series circuit. 


If the trunk feeder is a dispersion system, then: 


in the case of a long pulse with a changing frequency; and: 


in the case of a short pulse, i.e., the characteristics of the array are degraded. 
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Optical Circuit Configurations. When using an optical power division configura~ 
tion, the frequency properties of an antenna array depend on the relative focal 
distance. If the focal distance is large (Figure 2.41), then the properties of 
an optical power divider approach the properties of a parallel circuit with feeders 
of equal length, though if the focal distance is small, the properties of the 
optical power divider approach those of a series configuration with center 
excitation. Since with a beam deflection through a maximum angle of + 60° from 

a normal to the array aperture, the parallel circuit properties differ insigni- 
ficantly from the properties of a series, center fed configuration, the frequency 
properties of optical power dividers in the case of wide angle scanning are prac- 
tically the same as the properties of a parallel feed circuit with feeders of 
equal length. 


TABLE 2.3. 


type of Power Divider | Bandwidth Monoca sactor, % : ‘ 


_ Tan Aenurenn MOU\HOCTH 




















7 Tlawnnwe nunyapce ! | Koporkue HMnyabcn 
: Long Pulses. Short Pulses | 
* FlapanneabynA ABOHYHO-STaxK- 209.5 0.5 
HBT (1) 
‘ Hocnenonarenpitri: 200 5 400 5 
NuTaine © KOH (2) TAN TEAAe 
niTanve c CepesHilhl 290 5 Alm | 409 Alam 
Ontuneckwi OPTICAL | 200 5 | | 400.5 


Key: 1. Parallel double stepped divider; 
2. Series: end fed; 
center fed. 


The indicated results are summarized in Table 2.3. They correspond to a scan 
sector of + 60° with a permissible drop in the directivity of no more than 1 dB. 


2.8. Switched Scanning 


The beam position of a pencil beam antenna array is controlled by changing the 
phase relationships between the currents in the radiating elements. A system 
of phase shifters, inserted in the feeder system exciting the radiators can be 
used for this purpose. 


The major drawbacks to electrically controlled antennas with phase shifters, which 
provide for a continuous phase change in the electromagnetic oscillations (ferrite, 
semiconductor, ferroelectric phase shifters, etc.) are the instability (especially 
the temperature instability), the complexity of the control circuits and the high 
requirements placed on the stability of the phase shifter power supplies. These 
deficiencies also exist in digital control systems, when individual operating 
points on the characteristic of a continuous phase shifter are employed. 


The indicated drawbacks are eliminated to a considerable extent with the switched 
technique of directional pattern control proposed by L.N. Deryugin in 1960. The 
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essence of the switching method consists in dispensing with phase shifters having 

a continuous phase change and using switchers and switched phase shifters, at the 
‘output of which the phase of the electromagnetic oscillations takes on definite 
fixed values. The antenna beam control in this case reduces to the simplest opera- 
tions of switching radiators or feeder system branches on and off. 


The stability of switched antennas is due to the fact that the phase control ele- 
ments (semiconductors, ferrites, ferroelectrics) operate in a mode in which only 
the extreme portions of their characteristics are used. Moreover, switched anten- 
nas can have a simpler controller than a conventional antenna with a parallel 
circuit configuration for the continuous phase shifters. The latter is related 

to the fact that the position of the beam in space is not governed by the control 
voltage, which is different for different antenna phase shifters, but only by its 
presence at particular switchers. 


However, switched antennas also have a number of deficiencies, the most important 
of which is the presence of phase errors which arise because of the fact that the 
radiator excitation phases change in steps and can assume only definite values. 
This entails a reduction in antenna efficiency, an increase in the sidelobe radia- 
tion level and a jump-like motion of the beam. 


Among the various methods of constructing switched antennas, one can single out - 
the two most characteristic approaches. In the first, each radiator has a 
definite set of phases, from which the selection of the requisite phase is made 
by means of switching the switched phase shifter. With the second method, several 
radiators are placed in each section of the antenna with a length of 4/2, where 
these radiators are excited with different phases, and they are selectively turned 
on. Some of the aspects of designing switched antennas based on the first approach 
will be presented in § 2.10, since the realization of antennas with switched 
radiators encounters serious difficulties related to the necessity of placing a 
large number of radiating elements in a small portion of an antenna and consider- 
ably retarding the phase velocity of the electromagnetic waves in the feeder 
which excites the radiators. 


2.9. Switched Phase Shifters 

Switched phase shifters are the major component of phased antenna arrays. They 
can number up to several tens of thousands in highly directional scauning arrays. 
In this case, the spacing between the phase shifters usually falls in a range 

of 0.5 A to i. ' , 

Switched phase shifters should have a high efficiency, sufficient electrical 
strength, stability of the characteristics and consume the minimum power needed 
for controlling their operation. 

Moreover, the following requirements are placed on the structural design of phase 


shifters: structural simplicity and suitability for production; small size and 
weight; high reliability. 
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So-called digital phase shifters are used in the majority of cases to control 

the excitation phase of the radiators in a phased array. A feed-through digital 
phase shifter is broken down into p stages, each of which can be in one of two 
states, characterized by the phase shift being introduced: 0 or n/2u-1, where 
mis the number of the stage. It is sufficient to employ p control signals which 
take on values of 0 or 1 to select any of M = 2P possible states of. the phase 
shifter. Then, for example, in a two place phase shifter, a signal of 00 corres- 
ponds to'a zero phase shift, a phase shift of 90° has a control signal of 01, 
etc. A reflective phase shifter for reflecting arrays can be derived from a 
transmissive type by means of shorting the output. To preserve the phase shifts, 
it is obviously necessary to cut the phase shift realized by each stage in half, 
since the wave in.a reflective phase shifter passes through each stage twice. 


In ferrite phase shifters, the phase shift is due to the change in the magnetic 
permeability of the ferrite with the action of an external magnetic field. The 
switched elements of the majority of semiconductor phase shifters are PIN diodes. 
Since the diodes usually operate in the ultimate modes, the tolerances for the 
amplitude of the control signals are not stringent. 


Merits of semiconductor phase shifters are the small size and weight, the fast 
switching speed, the simplicity of the control devices, their reciprocity and 
thermal stability. Semiconductor phase shifters are manufactured in stripline 
and microstripline variants to reduce the size and weight, and improve the sta- 
: - bility, which makes it possible to use printed circuit technology. Advantages 
of ferrite phase shiftere are the relatively high microwave power level, since 
a bulk ferrite medium is used to control the phase; lower losses, since waveguides 
are usually employed in making ferrite phase shifters, the losses in which are 
less than in lines using a T-mode, as well as a lower SWR. The switching speed 
of diode and ferrite phase shifters amounts to 0.1 psec--10 usec and 0.1--30 usec 
respectively. 


None of the indicated types of phase shifters has an absolute advantage over the 
others and the use of a particular type depends on many factors: the power level, 
range of. working temperatures, and requirements placed on switching speed and 
stability. It must be noted that the high cost of phased antenna arrays, as a 
consequency of the large number of microwave components used in them, limits the 
wide scale application of phased array systems. Information of phase shifters 
for phased antenna arrays is given in [2]. 


= Semiconductor phase shifters have been developed at the present time which operate 
at a transmitted power level in a CW mode on the order of hundreds of watts and 
on the order of tens of kilowatts in a pulsed mode. In this case, the losses in 
a three place phase shifter in the ten cm band, for example, do not exceed 1 dB 


[2]. 
Ferrite phase shifters at wavelengths shorter than 5 cm have lower losses than 
semiconductor types. The losses per place amount to about 0.3 dB in the 3 cm 
band, while the pulsed and average transmitted powers are about 500 KW and 1,000 


W respectively [2]. The advantage of ferrite phase shifters of some types is 
an internal memory, which makes it possible to control the phase by means of 
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feeding in short pulses. In the intervals between pulses, the phase shifter 
remembers the phase shift, and no energy is expended to maintain it. 


In contrast to ferrite phase shifters, semiconductor types using PIN diodes do 

not have such a property, and this is a drawback to them. To preserve the requi- 
site phase shifts, it is necessary to expend considerable power: up to several 
kilowatts with a large number of phase shifters. In fact, according to [013], 

the control power for a diode phase shifter is 0.1 to 5 W, while the energy needed 
to switch a ferrite phase shifter is 20 to 2,000 microjoules. 


Phase shifters using field effect diodes and resistive gates are being developed 
at the present time [2], the utilization of which will make it possible to reduce 
the control power for phase shifters from several kilowatts down to a few watts. 
The voltage provided by standard logic gates is altogether sufficient for the 
switching of these elements. 


2.10. Discrete Phase Shifters and the Suppression of Switching Lobes 


In the case of digital phasing, the phase distribution which can be realized ir: 
an array can be represented in the following form: 


-%real = Sinitial t vA Dyenn = Pnart VA (2.37) 


where initia] is the initial phase distribution corresponding to the case where 
all of the array phase shifters are in the same position, taken as the starting 
position; v is the number of sequential switchings of a phase shifter with the 
minimal discrete step of a phase change; A is the minimal phase jump (discrete 
step) which can be realized by a phase shifter. : 


On the other hand, the feasible phase distribution differs from the requisite 
distribution because of the discrete nature of the phase shifter by the amount 
of the so-called switching phase errors: 


%real = *req + 5? Prean = spe5 t+ OD. (2.38) 


In the majority of cases, the phasing is accomplished so that the phase errors 
are minimal. With such phasing, the maximum value of the phase errors does not 
exceed A/2. 


In accordance with the indicated phasing principle: 
v= E (Dy 5¢6—Pyay)/A -1-0,5], (2.39) 
where E[X] is the integer part of Xe 


In the case of digital phasing, the directional pattern of an antenna array having 


N x Q radiators is: a 


. N.Q (Prpeo+2" +80p9) 
0, =F Q, y -A, se , 
ia 9 2, aus (2.40) 


where A,g is the excitation amplitude of the nq-th radiator; hq is the spatial 
phase shift. 
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We shall make ,yse of the Poisson sumping formula and the Fourier expansion for 
the factor eJ°*, treating it as a function of u = $,,, - Sinitial» Which as it is 
easy to convince oneself, is periodic. If the phased antenna array takes the 
form of a system of radiators positioned at the nodes of a coordinate grid of 

a system of coordinates X, Y, then the directional pattern is [1]: 


nara t= mn) ve eb Opin (2.41) - 
0, 7) = sin A/2 F(0, wv (—I)A j § Ae P . 
f( p) A/2 ( a) Foe Mh+1- dady d, dy, 
xa) y() 


where Lk SF 


at ne ann 8 


x) =— xe = Nd,/2;¥O) =—Y@ = Qd,/2; 
Doth = Or pe6 a on a Mh (D,pe6— Pyas) - 2n p (X— X,)/d, “te 
4 2nt (Y—YNd,; 


A(X,Y) is a continuous function which satisfies the condition A(X,¥q) = Ang» where 
X, and Y, are the coordinates of the nq-th radiator; M = 2n/A. 


The sum of the terms of series (2.41) having a subscript of h = 0 defines the 
direc-ional pattern of an equivalent array: an array without switching phase 
errors. The sum of the terms in (2.41) having a subscript of p = t = 0 represents 
the directional pattern of a switched antenna array with a continuous distribution 
of the radiators. The terms in the series having subscripts of p=t =h=0 
apply to the directional pattern of a continuously excited antenna without switch- 
ing phase errors. The terms in the series with subscripts of t # 0, p # 0 and 

h = 0 correspond to the diffraction maxima of the directional pattern of an array 
without switching phase errors. The terms of the series with subscripts of h # 0 
and p = t = 0 define the additional lobes which arise in the directional pattern 
of the array because of the presence of switching errors. We shall call these 
lobes switching lobes in the following. Terms in the series having subscripts 

of h # 0, p # 0 or t # 0 define the supplemental lobes in the directional pattern 
of the array due to both the discrete nature of the operation of the phase shifters 
as well as the discrete nature of the layout of the radiators. We shall call 

the indicated lobes combination lobes in the following. Because of the presence 
of switching phase errors, the directional gain of a switched antenna array is 


reduced: 
D=D, ( aw, 
=: D,{(———-}, 


A/2 (2.42) 


where Dg is the directional gain of an equivalent antenna array without switching 
phase errors (2.11). 


One of the drawbacks to phased arrays with discrete phase shifters is the presence 
of switching and combination lobes, which in the case of discrete phase change 
steps of A = n/2 - 1/4 can be of a rather high level. For this reason, one of 

the problems of practical interest is the suppression of the indicated lobes. 


The concept of switching and combination lobe suppression consists in the follow- 
ing. The configuration of these lobes, in accordance with (2.41), depends on 


initial» where %initial,» aS can be seen from the given formulas, does not 
influence the directional pattern of an array without switching phase errors, 
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defined by the sum of the terms of series (2.41) having a subscript of h = 0. 
Therefore, it is necessary to choose ®initial S° that the switching and combina- 
tion lobes have a minimal level. This is achieved with the uniform "erosion" cf 
the indicated lobes in space, i.e., the optimal shape for lobe suppression is 
rectangular. In this case, the extent of the suppressed lobes should be such 
that they do not overlap one another, since when the lobes are superimposed in 
space, their total level is increased. It can be demonstrated that with such 
deformation of the combination lobes, their extent is proportional to the subscript 
h. Therefore, such a value of %j54+¢4,1] Ccanmot be chosen so that the indicated 
condition is met simultanéously for all h. As a result, optimal suppression can 
-be provided only for lobes with a definite valve of the subscript h. Est.\mates 

- of the level of additional sidelobe radiation, due to switched phase errors, show 
that with optimal suppression of the switching lobes with h = + 1, the level of 

Z the overall sidelobe radiation due to the switched phase errors will be minimal. 


~ If it is required that the absolute value of the integrals of (2.41) not depend 
on the angular coordinates, then in the case of a linear array, one of tne equa~ 
tions for the determination of %jy4+44] assumes the form [1]: 


a? Oy qy/dx? = 2n AY] — j f’2 d2 Mh, (2.43) 


where foh is the level of the uniformly washed-out lobe. 


As has been demonstrated, maximum suppression of switching and combination lobes 
occurs in the case where the washed-out lobes are not superimposed on each other 
in space. By employing this condition, one can derive a second equation for the 
determination of the minimum value of fon and the optimal function ®injtyai [1]: . 


a a = 7e (2.44) 


Equation (2.44) in conjunction with (2.43) completely detines the optimal initial 
phase distribution which assures the maximum suppression of the switching and 
combination lobes, as well as the level of the suppressed lobes. 


Solving the system of equations (2.43) and (2.44), we derive the following for 
a uniform amplitude distribution (h = + 1): 


Pans =e KX, on = 1/(M t1VN, ; (2.45) 
where 
. == A/(2d,NM); 
' (2.46) 


dy=t1 is the level of the suppressed switching and combination lobes. 


The overall sidelobe radiation level which is due to switching phase errors is: 


ge=2iIMVN. . (2.47) 


In the case of a cosine amplitude distribution: 


os 
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3 
on [4 - (4) ae 2a), 





Diag MNd? 2 Qn Ndx (2.48) 
Fd 1 
Gate 
: V2MVN 


The results obtained for a linear array are easily extrapolated to two dimensional 
planar arrays. For example, for a planar rectangular array with the radiators 
arranged at the nodes of an orthogonal coordinate grid, with a uniform amplitude 
distribution: 





nan = K (Px Xt+4, Y%), : (2 49) 
where y, = d/2420M; Yy * d/2c2QMs N and Q are the number of rows and columns in 
the planar array respectively. 


The level of the suppressed combination and switching lobes of the directional 
pattern of a planar array is: , 


gz = 2/MVNQ. (2.50) 


Quite substantial suppression of the lobes due to the discrete change in the phase 
can be obtained in arrays with a large number of radiating elements. This makes 
it possible in some cases to employ coarser, and consequently, simpler and less. 
expensive phase shifters with lower losses. The optimal initial phase distribu- 
- tion can be produced either by means of phase shifters with a fixed phase value, 
inserted at the output of the power divider, or by means of phase shifters for 
an array using a particular change in the phasing algorithm. 


2.11. Beam Jumps in a Switched Array 


- The main lobe of the directional pattern of an equivalent array without switching 
phase errors is oriented precisely in a specified direction, @)4;,. When switch- 
ing lobes are present in the immediate vicinity of the main lobe, the maximum of 
their sum, i.e., the maximum of the array directional pattern, is slightly 
shifted relative to the direction 6,.;,. This shift, which is due to the switch- 
ing phase errors, determines the error in setting the array beam in a specified 
direction. The error depends on the level of the switched beams, and consequently, 
on the discrete phase change step, A. Moreover, the position of the initial phase 
‘readout has an impact on the precision in setting the beam. Thus, if one of the 
end radiators of a linear array is chosen as the initial coordinate point, the 
beam steering precision proves to be four times higher than the precision with 
phase readout from the center of the array. 


Beam steering precision is directly related to its jump-like motion, which is due 


to the discrete change in the phase. The average value of a jump change, when 
the readout origin is positioned in the center of the array, is: 


60 = 205, A/2N. (2.51) 
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It is also necessary to note that with the same beam travel speed, the switching 
frequency of the end phase shifters will be different, depending on the position 
of the phase readout origin. This must be taken into account when assessing the 
operational speed of a phase shifter. 


2.12. Design Procedure 


The directional gain or directional pattern width, the scan sector, the sidelobe 
level and the beam steering precision are usually specified. 


The specified sidelobe level and the requisite beam steering precision govern the 
discrete phase change step, i.e., the number of phase shifter positions and the 
amplitude distribution in an array. 


The antenna dimensions are determined from the specified values of the directional 
gain or directional pattern width, the selected amplitude distribution, as well 

as the scan sector using the formulas of Table 2.1, as well as formulas (2.8) and 
(2.9). The spacing tetween the radiators and the number of phase shifters is 
found based on the specified scan sector by means of formulas (2.3) - (2.6). 


It is expedient when determining the number of positions of the discretely switched 
phase shifters with respect to the maximum level of the sidelobes to represent 

the specified sidelobe level in the form of the sum of two terms, one of which 

is taken as the maximum switching lobe level, while the other is taken as the 
antenna sidelobe level without switching phase errors. Then one can determine 

A from the value of the first term of formulas (2.47) and (2.50) and the nature 

of the amplitude distribution in the array in accordance with the data of Table 
2.1, based on the value of the second term. 


The maximum level of the switching lobes is chosen so that the number of requisite 
positions of the phase shifter, 21/A, is the least. This makes it possible to 

use phase shifters of the simplest structural designs. On the other hand, one 
cannot choose a second term which is too small, i.e., the level of the sidelobes 
of an ideal antenna, since this necessitates the use of amplitude distributions 
which fall off sharply towards the edges, something which leads to the necessity 
of increasing array dimensions to assure the specified directional pattern width 
or specified directional gain. A compromise solution is found, depending on the 
specific requirements based on the antenna array in each case. 


Then the scheme is chosen for the energy distribution and the configuration of 
the phase shifters, the type of phase shifters, radiators, coupling elements, etc. 
‘and these assemblies are designed; the directional pattern is calculated and 

then the structural design is worked out. 
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3. FREQUENCY SCANNING ANTENNAS* 


3.1. Fundamental Relationships for a Frequency Scanning Linear Radiator Array 
[07, 010, 1, 2] 


Frequency control of an antenna beam is one of the techniques of electrical 
control and is based on changing the electrical spacing between radiators excited 
= by a traveling wave with a change in the generator frequency. With this beam 
steering technique, a generator which is electrically tuned in a wide range of 
frequencies is needed to scan space in a rather large sector. 


In microwave antennas with frequency beam control, the radiators are, as a rule, 
positioned directly in the exciting system. Linear arrays of radiators formed 

by slits cut in one of the walls of a rectangular waveguide are shown in Figure 3.1. 
A two-dimensional array of radiators is needed to obtain a controlled narrow direc- 
tional pattern. Such an array can be created from linear arrays, arranged in a 
definite manner on a specified surface. Some of the possible variants of such 
antennas are shown in Figure 3.2. 


Figure 3.1. Slitted waveguide 


Zl radiator arrays. 
AZ Key: 1. Direction of 
AE . excitation; 
q . Ct 2. Matching load. 


Mennabrenve Costyx denn Coenacyousr woenysta (2) 
(a) (b) 





(1) 


In antennas which take the form of linear radiator arrays, the excitation is mst 
often accomplished using series or parallel configurations (Figure 3.3). The 
direction of radiation of 4 linear array with an equally spaced arrangement of the 
radiators is determined by the equation: 


sin 0 = yly/d — pid, 3.1 


where 6 is the beam deflection angle from the normal to the axis of the array of 
radiators; y =-c/v is the phase velocity retardation in the ehannelizing system 
exciting the radiators; c = 3 - 108 m/sec; \ is the generator wavelength; p =n + 
+ $/2n, n= 0, +1, +2, .:..,is the beam number; ®-is the fixed: phase shift: between 
adjacent radiators, due to,the insertion of the supplemental phase shifters 


* e 
Questions of frequency scanning antenna design and theory were most completely 
treated for the first time by L.N. Deryugin [010]. 
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(Figure 3.3c); Zg is the geometric difference in the lengths of the channelizing 
systems of two adjacent radiators; d is the spacing between the radiators; t is 
the period of the retarding interaction system. 


hombabiewue 
COZOYMCCNUR & 





4c) 2(d) 


Figure 3.2. Antennas formed by linear two-dimensional arrays of 
radiators. 


. Key: a. Planar; b. Arranged on a cylindrical surface; 
c. Planar "fan-shaped"; d. Arranged on a conical 
surface. , 


1. Beam direction; 
2. Direction of excitation. 
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Figure 3.3. The excitation of a linear radiator array. 


Key: a. Using a parallel configuration; 
b. Using a series configuration; 
c. With a periodic retarding interaction system. 


When. the generator frequency changes, because of the dependence of y and A/d on 
the frequency f, the radiation angle changes and the antenna beam moves in space. 
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The angular frequency sensitivity of 
the antenna is the term for the rate 

of change in the antenna beam position 
in space with a change in the frequency 
(the wavelength): 


067 /_ tae oo) 
O4/% ~— cos 8 ( d Yrp sin 0}, 








4p working* (3.2) 


Figure 3.4. The dispersion 
characteristic y(\) of 
a periodic interaction 
system. 


where yrp = [Ygr] = c/vgr is the retard- 
ation of the group velocity of the wave 
propagating in the channelizing system; 
the coefficient of 0.573 is introduced 
when converting the angular frequency 
sensitivity from dimensionless units to 
degrees for the percentage change in 
frequency. 


If follows from expression (3.2) that the angular frequency sensitivity depends 
on the beam direction, the dispersion properties of the system and the ratio Zq/d. 
_ The greater @ and (La/d)y ges the greater the angular frequency sensitivity. 


The retarding of the group and phase velocities are related by the expression: 


- y= tp =P Adyldd, (3.3) 


If the dispersion characteristic of the channelizing system is known, y = y(A)_ 

(Figure 3.4), then ygy is determined graphically by the segment on the ordinate . 

axis, intercepted by the tangent to the curve y(\), run through the. point corres- 
. ponding to the value of y in the system. 


The slow-down in the group velocity ygy is also related to the power P flowing 
through the system and the per unit, length electromagnetic cnergy W accumulated’ 
in the system: 


v4 = cW/P = ob | a (3.4) 


where P = VerW. 


To improve the angular frequency sensitivity of an antenna, it is necessary to 
employ channelizing systems with a large value of Ypr> something which in turn can 
be achieved by increasing the ratio W/P. 
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The ultimate value of the power flowing along the channelizing system is: 


Pult. = Ware. "er = Wire. Ver 7 Papen = Wapen Urp = CWapan! Yep» (3.5) 


where Wyit, is the ultimate value of the per unit length electromagnetic energy 
of the system, which is limited by the effective cross-section of the system and 
the electrical strength. . 


Expression (3.5) makes it possible to establish the relationship of the power 
Pult. to the angular frequency sensitivity A, since both of these quantities 
depend on Ygr, and to draw the conclusion that with an increase in A, the ulti- 
mate power always falls off. For a specified value of A, the increase in the 
ultimate power for any system can be achieved only by increasing Wult. However, 
it must be stipulated that in a number of cases, the ultimate which can be passed 
is limited by the electrical strength of the radiators. 


The thermal losses in the walls of the channelizing system are due to the attenu- 
ation of the wave propagating in it. The attenuation coefficient is: 


/2p = & = Paoy/2P, (3.6) 


wr Pioss 


where Pjoss is the power of the losses per unit length of the system. 


The attenuation in the channelizing system at the distance of a wavelength taking 
expression (3.5) into account, is defined as: 


7 aA = Yrpx/Q, ; (3.7) 
where Q = wW/P is the quality factor of the channelizing system (w = 2nf).- 


For retardive periodic structure type channelizing systems with a period of t, 
the Q does not exceed Qnax = t/d (6 ia the depth of field penetration into the 
metal). In actual structures, Q = 0.3Qmax, which makes it possible to estimate 
the anticipated losses in a system. 


It is also not difficult to draw the conclusion from expressions (3.2) and (3.7) 
that an increase in the angular frequency sensitivity is always accompanied by a 
rise in the system losses. The presence of losses in a channelizing system places 
a limitation on the length of a radiator array, since with an increase in the 
length, its efficiency falls off, which in turn limits the generation of narrow 
directional patterns by an array of radiators. 


The directional pattern width and the efficiency also depend on the distribution 
of the power radiated along the array. The exponential distribution has become 
widespread in practice (each element of the array radiates an identical fraction © 
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of the traveling wave power fed to it), as well as a uniform distribution (each 
element radiates the same power) and other special kinds of distributions (for 
example, symmetrical relative to the array center and falling off towards it edges). 


In the case of uniform distribution, the efficiency of a radiator array is governed 
by an expression which is justified when aA << 1 (which is usually observed in 
practice): 


at Pr 2aL, 
"A =|e (=2e0) | 1—exp (—2aL) : (3.8) 


where Pg is the power at the antenna input; Py is the power at the end of the 
antenna; L is the antenna length. 


The half power level directional pattern width for the case of radiation close to 
the normal to the axis of the array is determined from the formula: 


(3.9) 








285 5 [degrees] = 50.7\/L 20,4 Irpaa] = 50,70 L. 
Taking expressions (3.8) and (3.9) into account, we derive the relationship 
between 260,5, a and na: 
A \ R M755 
TA = exp (—11,7 \-¢ * (3.10) 
200.5 Po ar 
I—exp | —11,7 —— 
tT 
In the case of an exponential distribution: 
PL 2aL 
= 1— = l eng .. 
bs ( Po )( oF Tie (3.11): 


The directional patttern width depends on the relative power getting through to 
the end of the antenna. When PL/Po = 0.05 (the aperture utilization coefficient 
is 0.83 in this case): 


265 5 [degrees] = 54.4)/L (3.12) 
200,, [rpaal = 54,4A/L. 


Taking expressions (3.11) and (3.12) into account, we obtain the following when 


PL/P9 = 0.05: : aus 
Na == 0,95 (1 — 4,170A/205 ,). (3.13) 
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(3.13) 


When determining directional pattern width using formulas (3.9) and (3.12), the 
quantities } and L have identical units of measurement. 





30005 GOOr - G00S Gor GOS Gl ah ob 
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Figure 3.5. The antenna efficiency as a function of the 
ratio of attenuation times wavelength to the 
directional pattern width. 


Curves for na(ad/209,5), plotted using formulas (3.10) and (3.13), are shown in 
Figure 3.5. Curves 1 and 2 were obtained for radiator arrays with a uniform 
distribution where Py,/P9 = 0.05 and Py/Po = 0 respectively. Curve 3 was plotted 
for an exponential distribution where PL/P9 = 0.05. As follows from the graph, 

an array with an exponential distribution has a higher efficiency: from 0.9 to 0.4. 
Moreover, such an array permits switching the direction of excitation, something 
which makes it possible to increase the beam steéring sector with the same fre- 
quency change and efficiency. 


The working sector of space scanned by the beam of a radiator array can fall only 
within the bounds of the transmittance .2ctor of the periodic structure used as 
the channelizing system (Figure 3.3c). All periodic structures used in frequency 
controlled antennas are baadpass filters, having frequency transmittance bands, to 
which the angular transmittance sectors correspond. The width and orientation of 
these sectors depend on the type of periodic structure, the specific features of 
the radiators and the number of cells in the interaction structure between the 
radiators. 


As follows from expression (3.1), the beam direction for a radiator array in 
space depends on the supplemental fixed phase shift $ in the exciter unit between 
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the adjacent radiators. Phase shifts of the same angle when making the transition 
to each subsequent radiator are accomplished by fixed phase shifters. For example, 
in the form of line sections of equal length running to the radiators (see Figure 
3.3a). An additional phase shift 1 can be realized rather simply. For example, 
when a rectangular H1Q mode waveguide is used as the channelizing system, a phase 
shift of + can be obtained by using radiating slots, which are coupled in an alter- 
nating phase fashion to the waveguide field. 


The shape of the main lobe of the directional pattern changes when the beam moves 
in space. As it approaches the axis of the array, the main lobe widens and becomes 
asymmetrical with respect to the direction 6. The change in the width of the main 
lobe will be small when scanning in an angular sector close to a normal to the 

axis of the array and increases sharply as it approaches the axis of the array. It 
is theoretically possible, but difficult in practice to preserve a constant width 
of the main lobe during wide angle scanning. 


The half power level width of the main lobe, taking its asymmetry into account, for 
an array of length L >> A, with a uniform distribution of the radiated power, can 
be estimated from the expression: 


20,4 = arcsin (0,443M/L + sin 6) + arcsin (0,4434/L — sin 8). (3.14) 


In the case of axial radiation, the width of the main lobe proves to be 2.14V7L/i 
times greater than the width of the main lobe in the case of radiation along a 
normal. 


The change in the width of the main lobe during its travel can be explained by the 
change in the effective length*, Leff, of an array of radiators and the amplitude 
distribution along it. In a first approximation, for angles of 6 < 70-75 degrees 
(depending the length of the array L), Leff can be determined as the projection 
of the array length L onto a direction perpendicular to the main lobe of the 
diredtional pattern: 


Lice = L cosé (3.15) 


When L/A > 10, this assumption is quite well justified. Thus, the error in the 
determination of Leff using formula (3.14) when L/A = 10 and 6 = 70 degrees amounts 
to about 1.5 percent with respect to the value of Leff determined from a more 
rigorous formula (see [07, p. 354]). Im some cases, the scan sector can be limited 
by the permissible widening of the main lobe. 


* 
The effective length is understood to be the length of a uniform in-phase linear 
array which yields a directional pattern at the half-power level of the same width 
as the array under consideration. 
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An integral part of a frequency scanning antenna is a frequencyi:‘tunable generator. 
The precision in determining the beam position in space depends on the stability 
and precision in setting the generator frequency. There are centimeter and deci- 
meter band generators at the present time, which can be electrically tuned in a 
rather wide range of frequencies (from +10 percent up to an octave). The frequency 
tuning range of a generator depends to a considerable extent on its power and work- 
ing frequency. Correspondingly, there are also wideband amplifiers which can be 
used in the receiving equipment. 


In a number of cases, one can use exciters to excite an antenna which are designed 
in a complex circuit configuration and contain a comparatively low :power generator 
with a wide frequency tuning range and broadband power amplifiers. When the re- 

. quisite range of working’ frequencies is wider than the passband of a single ampli- 
fier, several amplifiers are employed; in this case, each of them operate ina 
band of working frequencies set aside for it. Such an approach can be used where 


it is necessary to change the beam direction in space while preserving its scanning 
sector. 


However, when designing a frequency scanning antenna, one must remember that the 
use of a wide band of frequencies requires the use of radiators, transition and 
decoupling elements, etc., having a wide passband and possessing a low attenuation 
in this band. Otherwise, considerable changes may be observed in the power radir - 
ated by the antenna and the shape of the directional pattern when the frequency 
changes. 
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3.2. Channelizing Systems of Frequency Scanning Antennas [010] 


In the structural designs of centimeter band frequency scanning antennas, the 

. radiators, as a rule, are placed directly in the exciting channelizing systems 
(for example, a linear array of slotted radiators, with the slits cut in one of 
the walls of a rectangular waveguide), which can be designed around waveguides, 
coaxial lines, etc. The electrical properties of these channelizing systems are 
evaluated by the slow-down in the phase velocity y , the dispersion characteristic 
y = y(A) and the attenuation factor a. 


The major requirements placed on channelizing systems are as follows: 


1. The retardation of the phase velocity y should not be large, since with an 
increase in y, the losses in the channelizing system increase, and greater 
accuracy is required in the manufacture of the system. The latter is related to 
the fact that minor relative changes can lead to the disruption of normal antenna 
operation in a number of cases. , 


2. The attenuation factor a should be as low as possible, since the antenna effici- 
ency depends on its value, as well as the possible directional pattern width (for 
a specified efficiency). 


3. The ehanne lacing system should allow for the arrangement of radiators at a 
spacing of d ~ A/2 in an axial direction to avoid a multiple lobed directional 
pattern when the main lobe is deflected towards the axis. of the array. 


4, In a two-dimensional array, the transverse dimensions of the chahnelieing system 
should be such that the spacing betwoen the radiators of adjacent linear arrays 
does not exceed . Otherwise, the directional pattern will have multiple lobes. 


5. The channelizing system should have as small a size and weight as possible. 
This is especially important for aircraft antennas. 


Waveguide Channelizing Systems (Figure 3.6). 


H19 Mode Rectangular Waveguide. The retardation y falls in a range of from 0 to Le 
In practice, y = 0.36--0.86. The angular frequency sensitivity of the waveguide is 
low and fluctuates on the average from tenths to units of degrees per percent 
change in frequency. The attenuation factor in the 3 cm band amounts to about 0.5 
dB/m, which with an efficiency of ng = 90 percent makes it possible to obtain a 
directional pattern width of about 1°. 


Rectangular Waveguide Partially Filled with a Dielectric. The retardation y can be 
regulated by changing the thickness of the dielectric and its dielectric permitti- 
vity e. The slowiown usually falls in a range of 0.7 to 1.5. The attenuation 
factor is several times greater than for a regular waveguide (a is about 1.2 dB/m 
in the 3 cm band), and depends on the loss angle of the dielectric and its thick- 
ness h. A drawback to the system is the requirement that the dielectric proper- 
ties of the dielectric employed be homogeneous. 
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Waveguide with a Finned Structure. The retardation is y > 1, and can in practice 
be made close to unity and even considerably higher. The system has considerable 
dispersion and high angular frequency sensitivity. The attenuation factor in the 
3 cm band for small values of y (y = 1-2) is about 2 dB/m. The system has a high 
weight as compared to a regular waveguide and requires a high fabrication precision. 


Serpentine Waveguide. The retardation is y > 1 and can be regulated in a consider- 
able range by changing the length (L + ALequiy), and in this case, the angular 
frequency sensitivity is also adjusted in a wide range. The attenuation factor in 
this system in the 3 cm band is less than in systems with the same angular sensi- 
tivity, for example, in waveguide with an internal finned structure) and amounts to 
about 0.7 dB/m when y = 2.5, The considerable weight, great length (L + ALequiy) 
and fabrication complexity must be numbered among the drawbacks to the system. 


Helical Waveguide. The retardation is y > 1 and is regulated by changing its geo- 
metric dimensions. The dispersion of the system is low. The attenuation factor 

in the 3 cm band is about 2.5 dB/m when y = 4. A rectangular waveguide H plane 
bend is most frequently used, since this makes it possible to reduce the spacing 
between radiators. 


Coaxial Channelizing Systems (Figure 3.7). 


These are of interest in those cases where systems are needed having a poor dis- 
persion and relatively simple control of the retardation. However, considerable 
attenuation is inherent in coaxial systems. Only a coaxial line partially filled 
with a dielectric (Figure 3.7b) represents an exception. A coaxial line witha 
finned structure on the inner conductor (Figure 3.7c) is distinguished from the 
remaining systems by the presence of sharply pronounced dispersion properties. The 
geometric dimensions of coaxial systems when they are used in the centimer band are 
small, which substantially limits the power they can carry. 


When using periodic structures as channelizing systems, for example, a waveguide 
with a finned structure, a coaxial line with a disk-on-rod structure on the inner 
conductor, and serpentine and helical waveguides, one can obtain a high angular 
frequency sensitivity for an antenna. However, the considerable losses in such 
systems do not make it possible to design an antenna with a high efficiency and a 
narrow directional pattern. Moreover, these systems, as a rule, have considerable 
weight and are complex to manufacture, which limits the possibilities for their 
applications in a number of cases, especially in aircraft antennas. 


A rectangular H10 mode waveguide channelizing system has a number of valuable 
qualities: low losses, relatively small size and weight, and a well mastered produc- 
tion technology. For this reason, linear arrays of radiators excited by this kind 
of channelizing system have become widespread in antenna engineering. The maximum 
theoretical scan sector of a waveguide antenna with radiators coupled to the wave- 
guide field in an alternating phase fashion, without taking into account the fre- 
quency properties of the radiators and the elements used to couple to them, runs 
from -90° to +14° with a change in the retardation from 0.22 to 0.867 and a ratio 

of \/2a from 0.975 to 0.5. An average angular frequency sensitivity of -1.61° per 
percent and a change in the wavelength by a factor of 1.95 times correspond to 
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the indicated scan sector. Switching the direction of the traveling wave in such 
an antenna makes it possible to cover a scan sector of 180°. 


i Das acl 
A A pcteete= 
a 4 AEN! Figure 3.6. Waveguide channelizing system 


for frequency scanning 


(b) # antennas. 







Key: a. Rectangular waveguide 
with slots, coupled to 
the Hj9 mode of the 
waveguide in an alter- 
nating phase fashion; 

b. Rectangular waveguide, 
partially filled with 
a dielectric; 

c. Rectangular waveguide 
with a finned structure 
placed in it; 

d. Serpentine rectangular 
waveguide; 

e. Helical rectangular 
waveguide. 
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Figure 3.7. Coaxial channelizing systems 
for frequency scanning 
antennas. 





g Key: a. Filled with a dielectric; 
+ , t. With dielectric disks; 
s| . c. With a finned structure 
on the inner conductor; 
d. Coaxial line with the 
inner conductor made 
in the form of a spiral. 
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We shall give the major relationships and 
design procedure for a frequency scanning 
slotted waveguide array, in which a regular 
rectangular H10 mode waveguide is used as the 
channelizing system. When other channelizing 
systems are employed, the design procedure will 
be somewhat different, since the expressions 
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which characterize the relationship of the dispersion properties of systems to 
their geometric dimensions, as a rule, are rather complex. Moreover, the retarda- 
tion in these systems is greater than unity, which, it goes without saying, is 
reflected in the recommendations for the choice of the antenna radiation zone. 


3.3. The Frequency Scanning Slotted Waveguide Array [010, 2] 


A slotted waveguide array (VShchR) is shown in Figure 3.1, A regular rectangular 
H10 mode waveguide is used as the channelizing system for such an antenna. The 
array radiators are slots cut in one of the waveguide walls. This antenna is 
excited from one end by a generator, and a matching load is connected to the other 
end to provide for antenna operation in a traveling wave mode. 


We shall give the major characteristics of a regular waveguide with a H10 mode 
= (see Figure 3.6a) as well as those which determine their relationship. 


1. The phase velocity retardation is: 


y= VIO, eee 


where A is the generator wavelength in cm; a is the cross-sectional dimension of 
the waveguide in the H plane in cm. The dispersion characteristic y = y(A/2a) is 
shown in Figure 3.8, plotted using formula (3.16). 


2. The group velocity delay: 


ee | (3.17) 


This follows from the well known relationship for a waveguide: vgrv = c2 or 
Yery = l. 


Z 3. The ultimate transmitted power is: 


(KW abE3 SAS 
Piper [k ee yi-(4y. (3.18) 
ultimate : a 


where b is the cross-sectional dimension of the waveguide in the E plane in 


cm; E,, en [Euit] is the ultimately permissible electrical field intensity in the 


waveguide for the specified temperature, pressure and humidity, in KV/cm; a and 
A are chosen in centimeters. 


4. The attenuation factor is: Se a 
a {aB/n} = 795[1-+2-" (2 [s V -(2)] 
[dB/m] a \ 2a 2a (3.19) 
= ~72- 
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Here 6 is the conductance of the material of the waveguide walls in mhos/m; a, b 
and id are chosen in centimeters. 


5. The angular frequency sensitivity is: 
Ax =F (Yep + sin) = 2 (—— +8in 8). (3.20) 
cos y 


In accordance with formla (3.16), the retardation of the phase velocity oan vary 
from 0 to 1, and it would seem that the angular frequency sensitivity can be made 
as great as desired. However, the range of change in y which can be realized is 

i considerably narrower. This is explained by the fact that when A + Agr = 2al(y > 0), 
the losses increase sharply and the power Pylt falls off. The lower limit of y can 
br found, if one assumes that the losses approximately double as compared to a 
conventional waveguide. In this case, A = 1.9a or A/2a = 0.95 and yYyipy = 0.36. 
The upper limit of A is related to the requirement for H209 mode suppression, where 
this mode occurs when A = a or A/2a = 0.5. Under these conditions, Ymgx = 0.867. 
Thus, the retardation of the phase velocity y is limited to values of 0.867 > y > 
> 0.36, while the retardation of the group velocity is limited to 2.77 > Yer = 1.15. 


The direction of radiation of a linear radiator array excited by a wave traveling 


along it is determined in accordance with equation (3.1) when 1g = d using the 
formula: 


sin0=y—nNd (3.21) 


for radiators coupled in phase to the waveguide field (¢ = 0) and using the formula: 


sin 0 = y — (n + 0,5) ld | (3.22) 
for radiators with alternate phase coupling to the waveguide field (® =m). 


The beam scanning with a change in frequency will occur by virtue of the change in 
y and i. 


The curves for. \/d as a function of y (the solid lines) are shown for convenience 
in analyzing and solving equations (3.21) and (3.22) in Figures 3.9 and 3.10 for 
various values of the parameter 2a/d, plotted from the relationship derived from 
the expression (3.16): 

Ald = V1 —y? Qa/d. (3.23) 


The grid of lines for A/d is a function of y is also shown in Figure 3.9 for various 
values of the beam inclination angle 6 for n = 0 (the dashed lines). The values of 
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A/d were calculated for y = 0.5 and values of the parameter 2a/d, corresponding to 
angles @ from 0 to 90° in steps of 5° and the slope of these lines was determined 

a assuming that 6 = const., since this function is represented by a straight line 
[see (3.22)], to construct the grid of lines. 


In Figures 3.9 and 3.10, the radiation coverage zone for the corresponding numbers 
of beams are bounded by lines wich different values of n. In Figure 3.10, a 
radiation zone to the left of the line n = 0, running vertically, corresponds to 

the beam with the number n= 0. The radiation regions for n = 0 (Figure 3.9) and 
n= 1, 2 (Figures 3.9 and 3.10) fall below the sloped lines corresponding to each n. 


The choice of the spacing between adjacent radiators d, which should be such that 
during beam scanning in a specified sector, the possibility of the appearance of 
major sidelobes is precluded, is of considerable importance in an antenna design. 
This condition will be met if the spacing d satisfies the relationship: 


ded... =, AoUN (3.24) 
<dmax tana . 





where N is the number of radiators in the array. 


When the condition d = dmax ‘is met, the null of the nearest sidelobe maximum will - 
coincide with the plane of the array, and consequently, the directional pattern will 
have only the main lobe. 


A graph of dmax/A is given in Figure 3.11 as 

as a function of the scan angle 6 for 10 and 100 
radiators, plotted using formula (3.24). It 
follows from the graph that the maximum spacing 
between adjacent radiators of an array with 
tansverse radiation without beam scanning should 
be approximately equal to 4. If the beam scans 
in a range of +90°, then dmax = 4/2. 


Thus, the condition for the existence of one 
main lobe of the direction pattern of a linear 
array of radiators during scanning requires that 
the spacing between the radiators be less than 
X. On the other hand, in order for the direc- 
tion of the main lobe to be close to the normal 
to the axis of the array, the excitation of the 
radiators should be close to in-phase. The 
latter is achieved in slotted waveguide arrays 
where d = Ag (Ag is the wavelength in the 
waveguide, Ap > A). Alternating phase excita- 
tion of adjacent radiators is used to reduce the spacing between the radiators in 
slotted waveguide arrays. In this case, d ~ Ay/2. However, when all of the radia- 
tors are spaced at a distance of d = Ap/2 from each other (so that the main lobe is 
directed along the normal to the axis of the array), the waves reflected from all 





Figure 3.8. The dispersion 
characteristic of 
a regular H19 mode 
waveguide. 


- 74 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 





A AAO, 
e PASBAGTS 





Figure 3.9. The radiation 

coverage zones 

' and scan angles 
in the case of 
radiators with 
alternate phase 
coupling to the 
waveguide field. 
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Figure 3.10. The radiation coverage zones ans scan 
angles in the case of radiators which 
are coupled in phase to the waveguide 
field. 


Figure 3.11. Curves for amax/A as a function of the 
scan angle @. [sic] 





of the radiators add in phase at the antenna input, something which sharply degrades 
its matching (the so-called "normal" effect is observed). In the case of beam 
deflection from the normal, values of d other than Ag/2 and when the waves re- 
flected from the radiators are mutually cancelling to a greater extent, kysyr > 1. 
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To determine the minimum spacing between radiators, d, which differs from \p/2 
and for which the matching will be good throughout the entire working band of 
frequencies, one can employ the expression: 


d<(1—LIN) hy mial2- (3.25) 


To realize antenna radiation along the normal to its plane, it is necessary to 
match each slot radiator to the waveguide. The use of matched slots makes it pos- 
sible to reduce the normal effect, i.e., avoid the sharp increase in kygwr when 
the main lobe direction coincides with the normal to the plane. of the antenna. 


A slotted waveguide array with alternatre phase excitation of the radiators can 

be designed with longitudinal slots in the wide wall of the waveguide (see Figure 
3.1) on different sides of the center line or with the slots inclined in opposite 
directions in the narrow wall. The spacing between the slots d depends on the 
requisite direction of the main lobe of the directional pattern, 8, and the scan 
sector. When choosing the spacing, one can get a rough idea from expression (3.24). 
In actual antenna designs, d/X is usually 0.3 to 0.7. 


An analysis of equation (3.22) (see Figure 3.9) shows that when y = 0.36--0.867 
arid when A/d > 1, equation (3.22) makes sense only when n = 0, i.e., when the 
antenna operates with a null beam (n = 0), in which case, the beam was scanned 
primarily in the region of negative angles 9 when the frequency changes (see 
Figure 3.3c). : 


3.4. The Design Procedure for a Frequency Scanning Linear. Slotted Waveguide Array 


It is assumed in the design procedure cited here that the retardation of the phase 
velocity in an excited waveguide slot is equal to the retardation in a regular 
waveguide in which there are no radiators. In an actual slotted waveguide array, 
because of the internal and external mutual coupling of the radiators, the retarda- 
tion in the waveguide will differ somewhat from y. In this case, the deviation in 
the delay from y depends on the number of radiators, the spacing between them, and 
= on the degree of their coupling to the waveguide field, etc. 


= Accounting for the influence of radiator mutual coupling on the operation of a 
slotted waveguide array is complicated and requires long and labor intensive calcu- 
lations (see Chapter 6). Because of this, it is expedient in an approximate engin- 
eering calculation to neglect the mutual coupling of the radiators, assuming that 
the retardation is constant and equal to y. In a number of practical problems, 
one can be limited to just such a design. However, when designing a pencil beam 
(200.5 < 1°) slotted waveguide array with high precision in the determination of 
its parameters and characteristics, following the preliminary approximate design of 

: the antenna, a repeat design calculation is to be performed, using a more precisely 
specified value of the delay in the exciting waveguide slot, taking the mutual | 
coupling of the radiators into account. 
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The design of a frequency scanning slotted waveguide array consists in determining 
the parameters of the waveguide which excite the slot radiators, as well as the 
spacing between the radiators, d, taking the beam scanning in the specified angu- 
lar sector into account and the design of the radiators and their coupling to the 
waveguide to assure the requisite distribution of the radiated power along the 
array and then the calculation of the array directional pattern. 


A specific feature of the determination of the waveguide parameters and the spacing 
d is the fact that the waveguide parameters y and d for a specified scan sector 
46 and working: wavelength A are related together by a single equation (3.21) or 
(3.22). For this reason, to find one of the desired quantities, it is necessary 
to specify beforehand the remaining quantities incorporated in this equation. For 
example, in order to determine y, the values of 6 and d must be specified. By 
changing the values of @ and d, one can obtain several variants of the possible 
waveguide excitation system, and then choose that one of them which makes it pos- 
sible to best satisfy the main requirements of the technical specifications (for 
example, minimal frequency variation during scanning, low attenuation factor in 
the waveguide, high angular frequency sensitivity of the array). 


We shall introduce the following symbols: P is the power radiated by the antenna 
in KW; Amin» Acp [Aavg] and Amax are the minimum, average and maximum wavelengths 
of the generator respectively, in cm: 
eee oe 
= 2 ~max— “min -100% 
Acp  Amaxt+ Amin 





is the relative change in the generator wavelength, in percent; @min, %p [avg] 
and @max are the direction of the main lobe of the directional pattern for Apjn, 
Aavg and Amax respectively, in degrees; 209,5 is the width of the main lobe of 
the directional pattern at the half power level when A = hayg, in degrees. 


Equation (3.22) at the limits of the scan sector, which is bounded by the angles 
8 max and ®min> has the form: 


SiN {nex = Ymin—,5\max/d; 
sin Orta = Vmax —,5Aqt,/d. ot (3.27) 





(3.26) 


Different variants of the problem can be encountered in design work. We shall 
cite a few of them. 


Variant 1: P, dave, Ad/Aavg, 209,5 and Qavg are specified. Determine the possible 
scan sector::A0. 


Variant 2: P, Aavegs Ad/ aves 289,5 and A@ are specified. Determine the possible 
beam direction Bayz. 


Variant 3: P, Aaveg, Ad\/ayp and 289,5 are specified. Determine the beam direction 
Savg for which the scan sector A® will be the greatest. 
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Variant 4: P, Aave> 289.5, Sayp and A® are specified. Assure the specified scan 
sector with as small as possible a relative change in the wavelength Ad/ave + 


In doing the design calculations for any variant, it is recommended that one use 
the graphs of Figures 3.9--3.11 and the materials given in §3.1--3.3. 


We shall consider an example of a procedure for the approximate design calculations 
in the case where P, Aavg, Ad/Aaygs Save and 2609,5 are specified and it is neces- 
sary to determine the possible scan sector AQ. 


1. We choose the type of radiators and the number of the working beam. Taking into 
account the considerations presented in 53.3, we choose slots with alternating 
phase coupling to the waveguide field as the radiators of the antenna array, and a 
beam number of n = 0, 


2. By using the curves of Figures 3.9 and 3.12, we roughly calculate the possible 
beam directions Save: Working from the specified values of avg and AA/ Nay >» we 
find the wavelengths \max and Amin. We start the calculation with the choice of 
the value of Yayg corresponding to Aavg. Considering the fact that the angular 
frequency sensitivity A (3.20) is larger for smaller values of y, it is desirable 
to choose Yayp less than 0.5, however, it must be remembered in this case that with 
a change in the frequency Ypmin Can prove to be less than 0.36 and the losses will 
rise in the waveguide. For this reason, it is not expedient to choose ymin close 
to 0.36. Using the graphs of Figure 3.12, we approximate Yayg for Aq > 1 to 
obtain the requisite beam direction 6,,,5. Based on the curves of Figure 3.9, we 
find the value of 2a/d for the known values of Yavg and Gay,; The value of 2a/d is 
a structural design parameter for the antenna being planned, and consequently, will 
stay constant during frequency scanning. We then determine ymax and Ymin, prelim- 
inarily determining the waveguide dimension a corresponding to Yayg- To deter- 

g° , - mine a and the slow-down factors Ymgx and 

re Ymin» one can use formula (3.16) or the graphs 

of y = y(\/2a) shown in Figure 3.8. 


70 \\.! 
“50 oe To determine the angles 6n9y and @min, we find 
a the intersection points in the graphs of 
“30 _ Figure 3.9 of the vertical lines corresponding 
-10 to Ymin and Ymax with the line:for A/d = 4/d(y) 
o when 2a/d = const. (the value of the parameter 





4 2a/d has already been found). If the inter- 
UNIO OO OT section point lies above the line n = 0, then 
such an operating mode is not feasible and the 
calculation is to be repeated, specifying 
another value of Yavg- It is usually desir- 
able to obtain the greatest scan sector A6 

for the specified relative change in the wave- 
length 6\/A,y,- Therefore, one may specify 
two to three values of Yayg in the calcula- 
tions and find the maximum possible sector. 


Figure 3.12. The scan angle 9 
as a function of y 
for fixed values 
of 4/d when the 
antenna operates 
with a null beam. 
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Considering the approximate nature of the performed calculations, related to the 
error in the determination of the design values from the graphs, we shall further 
- specify these quantities precisely (paragraphs 3-6). 


3. We specify the spacing between the radiators more precisely for the specified 
value of Yavg based on equation (3.22): 


d= 0,5%co/(Yop—sin Oop). 


Here, one must check to see that the condition d < dmax is met when ) = Apin 
{see (3.24)] to avoid the appearance of major sidelobes. 


4, We determine the size of the wide wall of the waveguide more precisely from 
the formula (3.16): 


a= hep/2V 1— Yep. 
5. We determine: 
vate =V1— Cmax, Yous V T= Crate 20 
6. From equations (3.26) and (3.27), we find: 
Onax = arcsin (Ymta—0,5%mnax/4), 
Onin = AFCSIN (Ynax—O,5%emtn/d). 


7. We determine the possible scanning sector: 
A®8 = max ~ Amin: 
8. We find the angular frequency sensitivity at the average wavelength: 


2 Awa 2573 ee +sin Op) 


cos Ocp Yep 


9, Using formula (3.22), we calculate the function @ = @(\) in the working band 
and plot the graph. 


10. We select the wavegu ide dimension.: b, being governed by considerations of 
electrical strength, the essence of higher modes and the possibility of cutting 
slots of widths lslot = have/2- 


11. We determine the ultimate transmission power P41; from formula (3.18). 
a7. 
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12. We choose the material for the waveguide walls and find the attenuation 
factor a from formula (3.19). 


We select the distribution for the radiated power along the array of radiators, 
working from the requirements placed on the directional pattern and the gain of 

the slotted waveguide array. We determine the length of the antenna array La, its 
efficiency na, and the number of radiators in the array N. In the case where the 
simplest distributions are selected for the radiated power (uniform or exponential), 
the quantities La, na and N can be determined as indicated in paragraphs 13--15. 


13. We select a uniform or exponential distribution for the radiated power along 
the array, and working from the specified width of the main lobe, 260.5, we find 
the approximate length of the antenna array from formula (3.15): 


Ly * Lege /C08? aye 


Leg¢ is determined form formula (3.9) or (3.12) assuming that L:= Legg when 
A = Aave> ; 


We shall determine La more precisely, checking to see that the condit ion 
285 5 289.5 is met, where 286 5 is the width of the main lobe determined from 


formula (3.14). 


14. We determine the efficiency of the slotted waveguide array using formula (3.8) 
or (3.11) at the boundaries of the working frequency band. 


15. We find the number of radiators in the antenna array: 


N = L,/d +1 


16* we choose the dimensions of the slotted radiators and their arrangement in the 
waveguide wall, taking into account the selected distribution for the radiated 
power along the array of radiators. “ 


17. We calculate the directional pattern when A = Amin, avg and Amax- We deter- 
mine the coformity of the width of the main directional pattern lobe to the re- 
quisite width and the change in it during scanning. 

18. We find the directional gain of the antenna array. 


19. We draw the electrical schematic of the slotted waveguide array. 





* 
Points 16 through 18 are performed using the procedure set forth in Chapter 5 
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20. We design the feeder channel coupling the transmitter to the slotted waveguide 
aray. , 


. The structural design of the slotted waveguide array is accomplished taking its 
application into account. 


The procedure is basically retained when doing the design calculations for variants 
2-4; only paragraph 2 changes. 


For variant 2, the rough calculation (paragraph 2) to determine the beam direction 
Savg, for which the requisite scan sector A@ can be obtained, is carried out by 
means of thegraphs of Figure 3.9. Since the angular frequency sensitivity is 
greater at small values of y, then by specifying ypnin close to 0.36, we determine 
Ymax by the method indicated in paragraph 2. Drawing two vertical lines correspond- 
ing to the values of ymin and Ymax and a horizontal line for \/d = 1, we obtain a 
region in the graph for the choice of 6ayg in which the requisite scanning sector 
can be obtained. The calculation reduces to the determination the spacing between 
the radiators, d, which assures the requisite A@ for the selected values of ymax 
and Ymin- By using the curves A/d(y) when 2a/d = const., we find a curve on the 
graph in the resulting regions, which when we move along the curve from Ymax to 

Yn we obtain the requisite value of A8. Then, having determined Yavyg = 7 

= Hi - (\/2a) > we find Save: ‘ 


For variant 3, the approximate calculations are performed in a manner similar to 
the calculations for variant 2, with the difference that Save is determined for 
which A@ will be a maximum. 


For variant 4, the rough calculation reduces to obtaining the specified scan sector 
A® with a small a change as possible in the wavelength, i.e., it is desirable that 
AA /\aveg be small. For this purpose, we find the region of slow-down factors from 
the graph of Figure 3.12 for which one can obtain the specified directiion Sayg. We 
select two to three values of Yayg corresponding to Sayg.- Based on the specified 
values of A@ and @gyg, we find the limits of the scan sector ®max and @min. For 
each of the selected values of Yayg, we perform the following calculations. Based 
on Yavg and Aayg, we find the waveguide dimension a and determine the parameter 
2a/X. Then using the graphs of Figure 3.9, to determine the values of ymin and 
Ymax corresponding to the intersectidn points of the straight lines 6 = Snax = const. 
and @ = ®min = const., with the curve (A/d)(y) for the found value of 2a/d. The 
wavelengths Amax and Amin are determined from the formulas: 


Avnax = 2a V | — Pininy Amin = 2aV1 — Vinex, 


while the range of change in the wavelengths is found using the formula 4) = Amax - 
- \mine By repeating the same calculation for other values of Yayg also, we will 
find new values of AA. As a result of the calculations, we determine the value of 
Yavg corresponding to the least change in A\, which provides for the requisite 
sector A6. 


eR is 
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In doing the design calculations for variant 4, it can turn out that a considerable 
_ sean sector A@ is required (for example, A® > 30°). In this case, to reduce the 
requisite value of Ad\/Aavg during scanning, a system of parallel waveguides can be 
used which have different spacings between the radiators. Each waveguide, with the 
same change in A\/ Aaveg will provide for scanning in the corresponding sector, while 
the sum of these sectors should be equal to the total sector. The structural | 
design of such an antenna will be more complex; it should consist of several wave- 
guides, switched when making the transition from one scan sector to another. The 
design procedure for such an antenna is somewhat different than for a single 
slotted waveguide array, however, one can employ the procedure already considered 
in the design calculations for each waveguide. Breaking the total scan sector down 
into component parts and determining the number of requisite waveguides can be 
accomplished by using the graphs of Figure 3.9, as well as the book {010]. 
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4. HIGHLY DIRECTIONAL CYLINDRICAL AND ARC ANTENNA ARRAYS 
4.1. General Information 


Cylindrical antenna arrays take the form of a system of radiators arranged on a 
cylindrical surface. A special case of cylindrical arrays is arc and ring antenna 
arrays, the radiators in which are arranged along an arc or circle of a particular 
radius. 


Wire and slotted dipoles, open waveguide ends and horns, helical and dielectric 
rod antennas as well as director radiators can be used as the radiators in cylin- 
drical arrays. The choice of the type of radiator depends on the working wave- 
length and the requisite passband, on the operational conditions and function, 

as well as on the structural design requirements placed on the array as a whole. 
In the centimeter band, the most convenient type of radiator for cylindrical 
arrays is so-called diffraction type radiators, which take the form of openings 
cut directly in the metal surface of a cylinder: a half-wave slot, an open wave- 
guide end or a small horn. , 


A merit of such radiators is also the fact that they almost do not disrupt the 
aerodynamic properties of the cylindrical surface, something which is especially 
important when they are placed in aircraft. One of the important properties of 
pencil beam cylindrical arrays is the capability of electrical control of the beam 
position in a wide sector of space without changing its width and shape. For 
example, ring aitenna arrays make it possible to have undistorted electrical 
beam scanning in the azimuthal plane. Cylindrical antenna arrays, as compared 
to linear ones, possess yet a series of useful properties. Numbered among them 
are a lower level of sidelobes (which are due to the discrete nature of the 
radiator arrangement and switching phase errors in the case of switched beam 
scanning), the possibility of expanding the working bandwidth, etc. 


However, cylindrical antenna arrays also have a number of drawbacks as compared 
to linear and planar arrays, the chief of which is the increased complexity of 
the structural design of the antenna and its beam control system. 


The Major ‘Requirements Placed onCylindrical Scanning Arrays. The main parameters 

of cylindrical antenna arrays are determined by working from their function, 
installation site and operating conditions. For pencil beam cylindrical scanning 
arrays, the main parameters specified during the design work are: the directional 
pattern width, level of the sidelobes, directional gain, scan sector and beam 
scanning rate, bandwidth properties, polarization of the radiated field, maximum 
radiated power, efficiency, reliability, climatic operating conditions and cost. 


The optimal configuration for the cylindrical array and type of radiator should 
be selected during the planning process, the array dimensions should be determined 
(radius, length, angular sector) as well as the amplitude-phase distribution of 
the current in the radiators and the law governing the current change during 
scanning should be found, the directional pattern of the array calculated along 
with its directional gain, overall gain, bandwidth properties; the method of 
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scanning is determined and a device is chosen to realize the scanning, and the 
structural design of the antenna array is worked out as a whole. 


Structural Configurations of Cylindrical Arrays. Cylindrical antenna arrays can 
be broken down into three groups according to the method of microwave energy 
distribution among the individual radiators: arrays with series and parallel 
excitation, and arrays with a mixed feed circuit. Moreover, the array configura- 
tions in each of these groups can differ according to the method of energizing 
the phase shifters. 


We shall treat the main features of the indicated circuit configurations using 
the example of ring and arc arrays [04, 09, 013, 1, 2]. A ring array with a 
parallel circuit for energy distribution between the radiators is shown in Figure 
4.la. A merit of this circuit is the fact that the antenna beam direction is 
only a slight function of the frequency and there is the possibility of control- 
ling the amplitude distribution in the array by means of switching the inputs of 
the feeder lines in a switcher (S). A drawback to the parallel excitation 
configuration is the cumbersome feed system for energy distribution. 


The variant of a ring array with spatial excitation (Figure 4.1b) is free of this 
deficiency. The operational principle of such an array consists in the following. 
The energy from the feed radiator is fed via a radial line to the receiving 
radiators, and then to the phase shifters and is radiated by the ring array in 
the requisite direction. The control of the antenna beam is accomplished within 
small sectors by means of phase shifters. In the case of wide angle scanning, 

it is necessary to change the amplitude distribution over the ring array, for 
example, by means of rotating the feed radiator or installing several feed 
radiators and switching them in turn. 


One of the circuits for a series excited ring array is shown in Figure 4.lc. A 

- merit of the circuit is the simplicity, as well as the fact that the volume 
inside the array remains free and can be occupied by other devices, something 
which is especially important when placing a ring array on the surface of an 
aircraft. However, arc arrays, designed in a series excitation configuration, 
also have a number of drawbacks, the main ones of which are the fact that the 
array beam direction is a function of frequency and it is difficult to control 
the amplitude distribution in the case of wide angle scanning. 


A ring array formed from several arc arrays with a mixed circuit configuration for 
power distribution among the radiators is free of this latter drawback (Figure 
4.1d). The use of mixed excitation makes it possible, on one hand, to preserve 
the advantages of parallel excited ring arrays, and on the other, to simplify the 
energy distribution system, especially for arrays with a large electrical radius. 


The most promising structural configurations for cylindrical arrays are the mixed 
(Figure 4.2) and those with spatial excitation. The major properties of these 
cylindrical array configurations are the same as for the corresponding ring arrays. 


When selecting the circuit configuration for the phase shifters, it is expedient 
to be governed by the following considerations. In the case of a series confi- 
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Figure 4.1. Structural configurations of ring antenna arrays. 


Key: 1. From the generator. 
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Figure 4.2. The structural configuration of a cylindrical antenna 
: array. 


guration of the phase shifters, the maximum carrying capacity and the efficiency 
are reduced, the dependence of the antenna directional pattern on the phase 
setting errors is increased and the bandwidth properties of the antenna are 
degraded. For this reason, the series configuration of the phase shifters is 

used rather rarely, primarily in linear antenna arrays, where such a circuit makes 
it possible to simplify the controller for the phase shifters. In cylindrical 
arrays, a series phase shifter circuit can be used in those portions of the feed- 
line which are arranged along the generatrix of the cylindrical surface, since 
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this makes it possible to simplify the beam control unit in planes running 
= through the axis of the cylindrical array. In the remaining cases, parallel 
phase shifter configurations are to be employed. 


4.2. The Phase Distribution in Highly Directional Cylindrical Arrays 


The amplitude distribution in cylindrical pencil beam arrays exerts a substantial 
influence on the shape of the directional pattern and is chosen depending on 

the requirements placed on the directional gain, the level of sidelobes and the 
bandwidth properties of the array. This question is treated in more detail in 
the following sections. 


The phase distribution in cylindrical arrays is chosen by working from the 

% requirement for beam formation in a specified direction. In this case, the phase 
distribution in the radiators placed on the surface of a cylinder is usually 
chosen so that the fields radiated by each radiator add together in phase in the 
direction 89, %% for highly directional arrays when generating a beam in the 
direction 69, %.- 


We shall number the radiators of a cylin- 

drical array with a double subscript, mn. 
Hind 2 In this case, the phase center* of the 
rai 00-th radiator has cylindrical coordinates 
e of z = 0 anda = 0, while for the mn-th 
! 
| 
\ 
| 
| 
\ 
| 
| 






radiator, it has coordinates of z = Zy 
anda =a, (Figure 4.3). The requisite 
phase distribution in this case $,,,(8, 
$0) of the current in the mn-th radiator 


_ 


Y of the cylindrical array has the form: 
Oo Dian (Bo Po) = —[xa sin Qo COS (Po— Mn) + KZm COS 0) + 2xk}, 
‘ (4.1) 
HOy2/2, 2) k=0, +1, +2... 


In the special case of an arc array, 

- arranged in the z = 0 plane, the requi- 
Figure 4,3. The coordinate system and site phase distribution is: 

scheme for the arrangement 


of radiators in a cylindri- Don (Oo, Po) = (4.2) 
cal array. = —[ka sin Q) cos (Po—m) + 200], . 
k=0, + I, ae 2 iis 


The requisite law governing the phase control of the mn-th phase shifter, ®.5 mn 
[o nase mn)» depends on the circuit configuration of the antenna feeder channel 
ane on the circuit configuration of the phase shifters themselves, and for a 


Dyan mn (D0 Po) = — [Ka sin Oo COS (Po — Gq) + K2p, COS Bp — 
— Ka sin 09 COS (Po— Gn’) -- K2m* COS Oo — Pog mn + Dong m’ n’? + 2H], (4.3) 
k=0, +1, tH Qy.00 : 





*The proposal of the presence of a phase center for the m-th radiator is justified 
for radiators arranged on a cylindrical surface of considerable radius: a >> i. 
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where $45 mn [%¢eed mn! designates the electrical length of the feedline from 

the generator to the input terminals of the mn-th radiator (without taking into 
account the electrical length of the phase shifter ¢,, inserted in the feed channel 
for the mn-th radiator), while the subscripts m'n’ designates the phase shifter, 
the phase of which is taken as zero. 


Correspondingly, for an arc array: oe - eh fe . 
Doason (Oo, Po) = — {Ka sin Oo [cos (Po — Gp) — COS (Po—- An J— 
—Dnnon+ Ognnon’ + 2k}, k=O, by Qe (4.4) 


We shall cite the expressions for ®ohase a for several specific configurations 
of cylindrical and are arrays. ; 


1. A parallel excited arc array (Figure 4.la). The electrical length of all of 
the feeder lines is the same, and the phase of the phase shifter of the radiator 
with the coordinate ao = 0 is taken as the zero phase (n' = 0): 


Deas on (80 Po) = —Ka sin Ao {cos (Pop — &,}—COS Po] + Zxk, (4.5) 
b=0, +1, +2)... | 
Expression (4.5) is also justified for an arc array with spatial excitation (Figure 
4.1b), if the phase center of the feed irradiator is placed in the geometric 
center of the arc array and n' = 0. 


2. A series excited arc array. The phase shifters are inserted in a parallel cir- 
cuit configuration (Figure 4.,1c). The generator output is connected to the -N-th 


uratees eee eee : 
radiator, no = -Ni Qa on (Oo, Po) = —Ka Sit Op [COS (Pp — Gn) —COS (Po — Ow) + 


++ Kay (t,—Gv)+2nk, k=0, +1, 42,4 (4.6) 


where y is the retardation in the supply feedline. 


3. A series excited arc array. The phase shifters are connected in a series cir- 
cuit configuration. The generator output is connected to the -N-th radiator, n' = 


aN gas on (Bo, Po) = — KA Sin Bp [cos (Py —o-n) —c0s (Po—@_-w)| + 
- amt 
-- Kay (@,—@_wy)-+ > Dyasop -4 2xk, k=0, + 1, +: 2,... (4.7) 
pm—N ae 
4. A cylindrical array with mixed excitation (Figure 4.2), n' =0, m'=0: 
Dons mn (Bo, Po) = —Ka sin Op cos (P0>—Gn)— - : 
— K2Zm COS Oo ++ Ka Sin A Cos Po+Ky2Z_ + 20k, k=0, +1, +2)... (4.8) 


where y is the retardation of the wave in the feeders, arranged along the genera- 
trix of the cylinder. 


The value of the integer k in the expressions cited here depends on the type of 
phase shifter. Thus, if the phase shifter can change the phase continuously in 
a large range of phase values*, then k = 0 in expressions (4.3) - (4.8). However, 
so-called resetting phase shifters are used in electrically scanned antenna arrays, 


*The requisite range of continuous control of the phase of the wave in the phase 
shifters depends on the size of the cylindrical array and the scan sector, and 

= for pencil beam arrays can reach several tens and even hundreds of thousands of 
degrees. 
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where the phase control range in such shifters is kept within a range of 0 to 21 
radians. The advantage of such phase shifters consists in the smaller dimensions 
and losses, as well as in the greater precision in setting the phase as compared 
to phase shifters with large phase control ranges. When using resetting phase 
shifters, the value of k in the expressions cited here should be selected so that 
the following inequality is observed: 


0<Ogas mn <2. (4.9) 


The choice of the number of controlled phase shifters depends on the requisite 
scan sector, the directional pattern width and the amplitude distribution in 

the array. The minimum possible number of controlled phase shifters in the case 
of wide angle scanning is chosen equal to the number of radiators. 


4.3. The. Directional Patterns of Cylindrical Pencil Beam Arrays 


The normalized complex vector directional pattern, F(9, o), of a cylindrical 
array when generating a beam in the direction 6, $9» can be written in the 
p form: tse _— My Nin) ee eee 
: F@,9=A > SY Un | Fran (0, 9) V Gn (L—| Pn I)? x 
ma —M, im —N, (im) : 
x exp [—j [Ka sin 8) cos (Po — Gn) -+ K2m COS Oo — 


—Ka sin 0 cos (p—Gn)— K2m, COS 9]}, 


(4.10) 


where [teed is the amplitude of the incident current (or voltage) waves in the 

feeder of the m-th radiator; Fij(0, $) = Egn(8> o)Fun(Os 6)3 Fun (Os $)> Crnig 

(6, ¢) are the normalized amplitude and polarization patterns respectively of 

the mn-th radiator; G,, is its gain; Tm is the reflection factor from the input 

of the mn-th radiator; -M,, Mo, -N,(m) and No(m) are the numbers of the end 

radiators of the cylindrical array; _ 

M, Ns (™) oe 

F= YS Maal Fron (Gos 90) V Ginn —-[Pnn (4.14) 
ma—M, n= —WN, (m) ; 

is the normalizing factor. 


In the following, we shall assume that the quantities G,, and Imp do not depend 
on the number of a radiator, i.e. Gy, = Gog, Pa 7 ITo9 . 


Expression (4.10) can be represented as the directional pattern of an equivalent 
linear radiator: . Laas a a 


F(0,q)=A si | Zmo| Fm (0, ®) xP — [2m (cos Go-—cos 8) 


man —M, : (4.12) 
ae : VGeo (1 Tool) Ns (m1) 
me Fy (0, g=LeeP TaD nmi FOG, 9) X 
ne nos —N, (m) 
* X exp {— jxa [sin 89 cos (Po— Gn) — sin 8 cos (p—op))]} (4.13) 


is the complex vector directional pattern of the m-th arc array. 


In a rather typical, although special case of a cylindrical array, formed by a 
set of identical arc arrays, and where the current amplitude distribution divided 
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along the coordinates aand z is (er | = [2 l|Zon|» the directional pattern of the 
cylindrical array is determined by “the product of the directional pattern of the 
arc array, Fo (6, $),; lying in the plane z = 0, times the factor for the linear 

system of radiators, £448) : 








F(0, 9) = Fy (0, ere ©, (4.14) 
M, 
Dl mol exp [— Jezm (cos @9—cos 8)] 
re fu (8) = fee Mi - ; (4.15) 
» Uno 
men —My ‘ 
F, (0, 9) = 
Ns : 
D Mont Fon (8, 9) exp {—jxa [sin 0, cos (19—On) —sin 6 cos (p—an)}} 
ms na—N, : (4 e 16) 
Ns 5 
a, I Fon | Fon (Bo. Po) 


Thus, the study of the directional pattern of a cylindrical antenna reduces 
basically to the study of the directional pattern of the corresponding arc array. 
Moreover, the directional pattern of the arc array is poorly directional in the 
plane passing through the direction of the beam and the z axis. For this reason, 
when generating a pencil beam, the shape of the directional pattern of a cylin- 
drical array in the indicated plane in the region of the main lobe and the first 
sidelobes is governed primarily by the factor for the linear system of radiators, 
fy(@). However, the directional pattern completely matches the directional 
pattern of the arc array (4.16) in the orthogonal plane. 


4.4. Directional Patterns of Arc and Cylindrical Arrays 


When calculating the directional pattern of an arc array using expression (4.16), 
it is first of all necessary to determine the directional pattern of an individual 
radiator in the array, which is a rather complex and independent problem. The 
complexity of the problem consists in the necessity of taking into account both 
diffraction phenomena at the surface of the antenna and effects of radiator 
interaction in the arc and cylindrical arrays. The techniques for solving this 
problem can be partially found in the literature [1]. However,.in the initial 
design stage, it is expedient to determine the directional pattcrn of an indivi- 
dual radiator by means of simpler approximation ‘methods, without taking inter- 
action into account and with an approximate accounting for diffraction phenomena. 
The essence of the cy aera consists in the fact that the amplitude direct- 

ional pattern of a radiator, Fo, (8, ¢), in an array in a range of angles of a, - 
n/2 <6 <a, + 1/2 is computed just as for a single radiator in free space, while 
it is equated to zero in the rangea,, + 1/2 < 6 < 27 - ay. 


When determining the polarization pattern of a radiator, eon (Os $), one can make 
use of the following recommendations: the polarization pattern of linear radia- 
tors (dipole, slot, yagi type radiator) matches the polarization pattern of an 
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elementary dipole sufficiently well, while the polarization pattern of aperture 
radiators (the open end of a waveguide, horn), matches the polarizatior pattern 
of a Huygens source. 





\ 
For longitudinal linear radiators, arranged along the z axis on a cylindrical 
surface, at a point with an-azimuth coordinate of a, 
eon 8, @) = 8. (4.17) 
( For similar transverse linear radiators: tone 
cos 0 sin (p—Gn) 9 cos (Pp —n) ; 
= — ee Oh 0 ; 
Con (0, @ Vi—sin® Osin® (@—On) sin? 6 sin? (@—On) ViI—sin? 6 sin? (p—Gn) (4 18) 
: For aperture radiators with an azimuth coordinate of the phase center, a,, and 
with an electrical field vector parallel to the XOY plane: 
10, o) x __ 020s (= tn) _g, 4 sinO-+c08(9— an) g, (4.19) 
- , on (8, 9) = 1-++ sin @ cos (p—Gn) ot 1+-sin 0 cos (p—an) " 
For similar aperture radiators with an electrical field vector parallel to the 
z axis: x : es 
in 0+-cos (p—@n) cos 0 sin (p—G@n) 
Con (0, 9) = a Oo 0. 
on (0, @) 1+-sin 8 cos (p—Gn) : i+-sin 0cos (p—@n) Po (4.20) 
1 In expressions (4.17) - (4.20), 89 and $6 are used to designated unit vectors in 
a spherical system of coordinates. 
Taking the polarization patterns of individual radiators into account shows that 
in the general case, the directional patterns of arc arrays, besides the main 
polarization component of the radiated field, also have a parasitic (or cross 
polarization) component, The cross polarized component is absent only in arrays 
formed from longitudinal linear radiators, as well as in the case where the 
directional parece oe an array is considered in the piane: of eae arc (8 = 1/2), 
when: et a i i en ee me tne nmin 
ree(Poa)n (Ba) gy 
ole" Ko igs of (4.21) 
where: rye 
: P25 )= 
oot (4.22) 
Ny Pe 
> | Jon | Fon (= ' *) exp {—jxa [cos (po—Gn) —Ccos (p—@n))} 
nea—N, 
N, 
> [Ton Fon (> .9) 
no=—N, 
Further design calculations of the directional pattern of an arc abEey can be 
performed in accordance with the following scheme: 
q *Writing the symbol °0 means that either the unit vector 69 or the unit vector 


$0 


20 is chosen, 
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1. Direct calculation of the directional pattern of an individual radiator using 
formulas (4.14) - (4.16) and (4.22), taking into account the polarization patterns 
(4.17) - (4.20) and the calculated amplitude pattern. This computational work 

is cumbersome, absolutely requires the use of a computer and it is expedient in 
the concluding stage of the design work when specifying the characteristics more 
precisely for the selected array variant. 


2. The introduction of reasonable assumptions, which make it possible to simplify 
the computational process inthe initial design stage without substantial losses 
of precision. The essence of these assumptions consists in the following: 


a) The directional pattern of the arc array is calculated only for the main 
planes, 6 = m/2 and 6 = $o, and in the region of the main lobe and the first 
sidelobe; 


b) The directional pattern of an individual radiator and the current distribution 
function in the arc array are approximated by elementary functions; 


c) An arc radiator with a continuous current distribution, equal in value to the 
actual distribution at the points where the radiators are placed and with a 
sufficiently smooth current distribution among them is substituted for the dis- 
crete arc array. 


Taking the assumptions enumerated above into account, the directional pattern of 
the array in the plane of the arc when generating a beam in the direction 1/2, 
0, with a precision of down to the normalizing factor A, is represented in the 
form: Baas te ae Zt 


an, 
Fo( Fo 0) =A J 1OF(F, 0,0) exp (—inatense—eos(e—aii da, (4,29 


—N, 


where the term F(n/2, 6, a) designates the directional pattern of an individual 
radiator having an azimuthal coordinate a. The equivalent linear radiator 
technique is the most convenient method for the approximate calculation of the 
directional pattern using expression (4.23). The essence of it consists in the 
fact that the directional pattern of an arc antenna is computed as the direction- 
al pattern of an in-phase linear antenna, the amplitude distribution in which 
corresponds to the projection of the amplitude distribution along the arc onto 

a linear antenna, positioned perpendicularly to the direction of the beam being 
generated. The amplitude distribution, I, (y) in the equivalent linear 


uiv 
antenna can be determined from the express 


ons: 


a 1 
oY x in —==—_ , 
Lays (y) % 1 (aresin -2) P| 3 , 0, arcsin —= \ yaa (4.24) 
and the directional pattern of the arc antenna from the following formula: 
a é PA - Pom ae seed, * feet, ae, 

Fo (+ 9)=A J Loa) exp (inysin 9) dy, (4.25) 

where ne 
w=asine_y; yo=asinay,. 
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The range of permiasible angles >, within which one can use (4.25) for the calcu-— 
lations with an error not exceeding a few percent, is determined by the inequal- 
ity: — 
settee Eee, 

|9l<arecos{ ka [1 —cos (max (| @y, |, | %w, |))] (4.26) 
Based on the equivalent linear radiator technique, one can find (depending on 
the kind of amplitude distribution along the arc array and the directional 
pattern of an individual radiator) the relationships between the width and shape 
of the directional pattern of the array, the level of the first sidelobe and 
the projection Le uiv * 327 y, of the arc array onto the y axis. These functions 
are given in Table 4.1 for yo = ~y, @_y, = ON = 8). Values of the surface 
utilization coefficient for an arc antenna, v, determined by the ratio of the 
directional gain of the arc antenna to the directional gain for the case of uni- 
form amplitude distribution in the equivalent radiator, are given in the last 
column of Table 4.1. 


During the design process, the requisite amplitude distribution in the equivaient 
linear radiator, I, uiv(Y) and its length are chosen from Table 4,1 based on the 
specified width and level of the first sidelobe. Then, the requisite amplitude 
distribution in the radiators of the arc array is determined from expression 


' (4,24): 


i 
* 


1 (Gn) = I ayq (2 SiN @,) ACOS Oy/ F (x/2, 0, On). (4.27) 
The directional pattern of an arc array in the region of the main lobe and the 
first sidelobes, which is governed by inequality (4.26), is calculated from the © 
relevant expressions of Table 4.1. 


When calculating the directional pattern of a scanning arc array with the main 
lobe deflected from the direction $9 = 0, one can rotate the arc array through 
the angle -$, and employ the equivalent radiator technique. In this case, one 
must keep in mind the fact that an arc array, and consequently, the amplitude 
distribution and the equivalent radiator itself will no longer be symmetrical 
relative to the direction of the beam being generated, something which does not 
make it possible to fully utilize the results of Table.4.1. However, one can 
always choose an approximating amplitude distribution in the equivalent radiator 
from a set 2f functions which make it possible to calculate the integral in 
(4.25) in closed form. 


It must be remembered when more precisely specifying the equivalent radiator 
technique that when the spacing between the radiators of the arc array, d, exceeds 
4/2, additional parasitic lobes (higher order interference maxima) can appear in 
the pattern of the arc array, just as in the directional pattern of a linear 
array. Their level depends on ka and 8, and falls off with an increase in ka and 
B. 


The position of the interference maxima is practically independent of the dimen- 


‘gions of the arc array, and is determined primarily by the step of the antenna 


array. The individual radiator directional pattern and the form of the amplitude 
distribution in the array have a slight impact on the position of the interference 
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maxima. Thus, in the case of a uniform amplitude distribution and with isotropic 
radiators, the coordinate $, of the p-th order interference maximum when $9 = 0; 
is approximately defined by the relationship: 

Pp & 2 arcsin (pA/2d), p=1, 2, ... (4,28) 
With an amplitude distribution in an are array, corresponding to the maximum of 
the directional gain, the position of the first order interference maxima is 
shifted in the direction of an increase in the coordinate ¢ by approximately 0.5 
to 1.0 times the directional pattern width of 2¢) 5. By knowing the direction 
of the interference maxima, their level Fo(n/2, dp) can be determined from 
expression (4.22). This same expression can be employed, if it is necessary to 
more precisely specify the directional pattern of the arc array in the requisite 
angular sector. 


The directional pattern of a highly directional cylindrical array, F(@, $), con- 
sisting of a system of identical arc arrays in a plane perpendicular to the axis 
of a cylinder, matches the directional pattern of a single arc array, and in the 
plane running through the axis of the cylinder and the direction of the array 
beam, it is represented.in the form of the product of the arc array directional 
pattern (4.14) times the directivity factor for a linear antenna (4.15). 


If the spacing between arc arrays along the z axis does not exceed A/2, then 
in expression (4,15) the sum can be replaced by the integral: 
Lj? neers 
fu=A { I (2) exp [jxz (cos 0—cos Oo)} dz, 
—L/2 
where L is the length of the cylindrical antenna along the z axis. 


(4.29) 


The expression for f;(6), depending on the amplitude distribution, can be found 
in Table 4.1, if Tequiv(y) is understood to be I(z) and lequiv is understood to 
be the quantity L. 


If should be noted that when 2 >> A and Z >> a, the following relationship obtains 
in the region of the main lobe and first_sidelobes: 


F (8, qo) = fi. (0). . (4.30) 


4.5. The Directional Gain of Cylindrical and Arc Arrays 


The value of the directional gain of arc and cylindrical arrays depends on a 
number of factors, in particular, on the radiator directional pattern, the form 
of the amplitude-phase distribution over the radiators and the number of then. 


The optimal phase distribution which assures a directional gain maximum in pencil 
beam cylindrical arrays is close to the distribution described by equation (4.1). 
The optimal amplitude distribution along the z coordinate is uniform, and along 
the a coordinate, depends substantially on the step of the array. The general 
governing laws in the case where ka >> 10 are as follows: for a step of d/A = 
0.5, the optimal amplitude distribution approaches that distribution which, in 
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being designed for an equivalent linear radiator in accordance with the distri- 
bution of (4.25), yields a uniform distribution in it: 


COS An 
F (x/2, 0, an) (4.31) 


With an increase in the spacing between the radiators, the optimal amplitude 
distribution in the radiators approaches a function proportional to the amplitude 
pattern of the corresponding radiator in the direction of the beam being formed 
by the array: , 


Topt a 


Topt & F (2/2, 0, Qn). 
(4.32) 


Although expression (4.32) is justified only when the spacing between the radia- 
tors significantly exceeds the wavelength, it car be used’ as soon as d > A. 


The following relationships can be employed in estimating the maximum directional 
gain. For an arc array formed by a system of longitudinal half-wave slots, 


arranged in a cylinder, 


Lassa ———— sinf ibe d>3/2, 


Diet d/h 
2,86xa sinp tt id<n/2, (4.33) 
where the angular sector occupied by the array is 28, falls in a range of from 


50 to 180°. 


For a cylindrical array forced by a system of similar slots, which generates 
a pencil beam, directed perpendicular to the axis: 


Sa _ Mp >=, d,> = . 
Dax = ee when - (4.34) 


BKB nipH act ® as *. ® 


where Saqyiy is the equivalent aperture area; i and dg are the spacings between 
adjacent slots in the plane passing through the axis of the cylinder and in the 
plane perpendicular to the axis of the cylinder respectively. , 


For the m-th arc array, the maximum directional gain can be approximated using 
the expression: 


Ns 
Digs & > Dmin Fan( > 0) (4.35) 
nmmN, 


where D,,, is the directional gain of the m-th radiator in the direction of the 
. radiation maximum axis. 


The summing in sxpression (4.35) can be approximately replaced by integration. 
In this case, fur a system of identical radiators with Dog, we have: 


an, 
Fin (%/2, Po) 


Din max & Doo f dja da, = 
a -M, fe 
(4.36) 
= Do ————— an J Fin (x/2, a) da. 
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Expressions are given for Dy max in Table 4.2 for a few directional patterns, 
given the condition that “tiny = Fy = B. 








TABLE 4.2 . 
‘ Fin (=. ®) cos (p—n) | atest o 
: sinB | sin26 
ap sin 2B op =| 14-2A9-+4+-4A ——+ —— 
Dae 14 | Doo ~~ | p 2p | 
Dm max d 2p = d ae eo ae 


The maximum directional gain of a cylindrical antenna formed from radiators of 
any type can be determined by summing the maximum directional gains of the 
corresponding arc arrays from which the cylindrical antenna is formed. 


When the amplitude distribution differs from the optimal the array directional 
gain is reduced by a factor of v times (v is the surface utilization factor). 
For a cylindrical array with a shared current distribution of |Imm| = |I{| [Ioql: 


v= vyVv2 (4.37) 


where v, is the antenna surface utilization factor for the z coordinate; vo is 
the arc array surface utilization factor. 


For an arc array with a spacing between the radiators of about A/2, the coeffi- 
cient vo can be determined from Table 4.1 for the appropriate distribution in 
the equivalent linear radiator. : 


If the spacing between the radiators is approximately A or more, then the coeffi- 
cient vj must be determined from the more complex formula: 





V¥2= 1/(1 -+ ep), (4.38) 
Ny 2 
= Nt Ton opt a, Top J op opt Ns | 
b= YY | a—-—— dion 
{ —— pty 4p opt aa 


(4.39) 


Nt 
q n 
> lop Fop ee v0] 
9 = ° 7 
13,27 — Fon 5 ; 00) ' 


Siseat 


pa—N, 
lth| IZon opt! is the current amplitude in the m-th radiator, having the maximum 
directional gain; |x| lIon! is the actual current amplitude in the mn-th radia- 
tor. 
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The coefficient v, depends on the form of the amplitude distribution bie | with 
respect to the coordinate z and can be found as in the case of linear antennas. 


% 


: We will note that in the case of electrical 


scanning in azimuth, it is necessary in the 
general case to control not just the phase, 
but also the amplitude distribution. The 
most effective method of amplitude distri- 
a z z bution control is that of "shifting" it in 

io ge 2°F % azimuth through the scan angle without 
changing the shape. This technique is 
feasible in cylindrical and arc arrays 
with spatial excitation with electrically 
or mechanically driven motion of the array 
feed irradiator directional pattern. 


Figure 4.4. The surface utilization 
coefficient vo as a func- 
tion of the direction of 
the beam of a ring array. 


However, it is frequently undesirable to control the amplitude distribution in 
cylindrical arrays during scanning for a number of reasons, in particular, 
because of the increased complexity of the circuitry and structural design of 
the antenna. With beam scanning of a cylindrical array in the azimuthal plane 
solely through the control of the phase distribution, the directional gain of 
the array changes. When the spacing between the radiators is about 4/2, the 
reduction in the directional gain during scanning can be determined from 
expression (4.38), where: OT a ee ea paces Rg 
) Toxn (x) — i Tone (x) dx/laxa| ax 
pie 


: ns | J Tone (2) de P | (4.40) 


. SKB 














Tequiv(*) is the amplitude distribution in the equivalent radiator, perpendicular 

: to the direction of the beam. This expression is to be used if the actual ampli- 
tude distribution in the equivalent radiator cannot successfully approximated by 
one of the functions in Table 4.1. Otherwise, it is simpler to choose the 
coefficient vy from Table 4.1. 


If the spacing between the radiators is approximately equal to A, then the 
change in the directional gain during scanning is to be computed from formulas 
(4.38) and (4.39), taking into account the fact that: 


Ton opt = Pa (30/2, Po); Zon = Fon (x/2, 0). 


In two cases (radiators which are omnidirectional in azimuth and placed at a 
spacing of approximately A or more, and radiators with a directional pattern of 
Frn(t/2, $) = cos(¢ - Q,), positioned at a spacing of about 4/2), the change 

in the directional gain during scanning and with a constant amplitude distribution 
is determined simply and shown graphically in Figure 4.4. 


In both cases, the optimal amplitude distribution is uniform. So that the direc- 
tional gain does not change during scanning, the beam direction 9 should not 
exceed an angle of 1/2 - 8. 
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The efficiency, n, of cylindrical (ring) antennas depends on the losses in the 
feeder channel and phase shifters, as well as the antenna circuit configuration. 
For this reason, the gain of cylindrical arrays should be computed in each 
specific case following the choice of the antenna circuit, the type of feedline 
and phase shifter. During the preliminary calculation of the gain of cylindrical 


‘scanning antennas, the efficiency of these antennas can be taken as 50 to 60%. 


4.6. Bandwidth Properties of Arc Arrays 


Arc antennas make it possible under certain conditions to obtain a poor depen- 
dence of the major directivity characteristics of the antennas on frequency 
(beam direction and width, sidelobe level, directional gain) in a wide band 

of frequencies. The bandwidth properties of arc arrays depend substantially on 
their circuit configuration, the type of radiators and control element. 


Thus, in an arc array with spatial (or parallel) excitation (Figure 4.5), where 
broadband phase shifters are used [4], with a deviation of the frequency f from 
the center frequency fp, with which the phasing is accomplished, a symmetrical 

phase error occurs in the aperture CD: , 


a= x, Ob 1—y/1-(4F jade aAl(t a | 

Ao (y) rth a Va str, eS) (4.41) 
when npu ~ <0,6, Ae 

where Bf = £ - £93 ky = 2n/Xo. > 


48 dh 
AMIR 
’ | pacnpedenenue: 
pabwomepuoe ~~~ 
NocunycoudaneHoe 


66 Ss iene 









Figure 4.5. Configuration of a par:llel 
excited arc array. G4 


a # dn Aron 


The presence of a symmetrical phase 
error in the aperture CD leads to a 
reduction in the directional gain of 
an arc array, however, the direction 
of the pattern maximum remains as 
before, with a slight error. 


Figure 4.6. The reduction in the direc- 
tional gain of an arc anten- 
na as a function of the 
permissible phase error in 
the equivalent linear 


radiator. 
The reduction in the are array direc- Key: 1. Amplitude distribution: 
tional gain as a function of the value uniform, cosine. 


Anon [A%,e,] in the general case 
depends on the amplitude distribution in the equivalent aperture. In particular, 
graphs showing the drop in the directional gain for uniform and cosine amplitude 


distributions are presented in Figure 4.6 as a function of A®ner: 
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By using relationship (4.41) and the graph of Figure 4.6, one can always select 
the radius of an arc array a and the excitation sector, determined by the ratio 
Lequ jy/2a, for which the reduction in the array directional gain in the specified 
passband will not exceed the permissible value. If the ratio is lo qyj,/2a, then 
the requisite radius of the arc array, for which the phase error at the edges of 
the equivalent aperture does not exceed the permissible value A®,,, in a frequency 
‘“ range of 2Af/fp, can be found from the approximate expression: 


as Ko WF fo (=) . 


~ 4AQgon \ 2 (G02) 


It should not be forgotten that the graphs of Figure 4.6 do not take into account 
the drop in the directional gain related to the frequency response of the phase 
shifters. For this reason, the phase shifters and radiators of the array should 
be chosen so that their working bandwidth is at least no less than the requisite 
bandwidth of the entire arc array as a whole, and the reduction in the array 
directional gain related to the phase shifter errors are insignificant within 

the requisite passband. 


We shall consider the bandwidth properties of a series excited arc array. In 

' this case, when the frequency changes, the phase error in the equivalent aperture 
will be composed of the error (4.41) and the error related to the frequency 
dependence of the phase change between the radiators in the feeder line. For 
this reason, the overall error is: 


A® (y) = Ka — fs /i-(ep ae ZY |meon tt anin( 2), (4.43) 


where AA,/A is the ee. change in the wavelength \, in the eceeene: Yo = Ag/ 
Ago is the retardation in the feedline at the center frequency. 


Expanding A(y) in a Taylor's series in the sistnity of the point y = 0, and 
é limiting ourselves to a die nee we obtain [3]: 


4 se > Kp re) top Kote == Bly. ie ( uy . (4.44) 


The first term in (4.44) leads to the deflection of the beam of the arc array 
from the initial position by the amount: 

KoYo Ahy s 
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dip 2 aresin ( (4.45) 
The second term in (4.44) leads to a reduction in the directional gain of the 
array according to the governing law defined by expression (4.41) and the graphs 
of Figure 4.6. The third term leads to beam asymmetry. 


Thus, in a series excited arc array, the azimuthal plane position of the beam is 
frequency dependent. For this reason, such arrays can be used only in relatively 
narrow band systems. The displacement of the beam of an are array in a small 
range (up to half of the width of the directional pattern, 29,5) is equivalent 
to an additional reduction in its directional gain. 


During the preliminary calculations, when the law governing the amplitude distri- 
bution in the arrays has not yet been determined, the reduction in the direction 
0, $9 when the beam position changes can be estimated from the formula: 
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which is justified for a uniform amplitude distribution in the equivalent aper- 


ture. 


The bandwidth properties of a cylindrical array in azimuth are governed by the 
bandwidth properties of the corresponding arc arrays of which the cylindrical 
antenna is composed. In the $ = $9 plane though, the bandwidth properties of 
- the cylindrical array directional pattern are governed by the bandwidth proper- 
. ties of the equivalent linear antenna array. 


4.7. Some Structural and Circuit Design Variants for Arc and Cylindrical Arrays 


A variant of an annular array with mechanical beam scanning in azimuth from 0 
to 360° is shown schematically in Figure 4.7. The annular array is formed by 
two parallel metal disks (1) between which radiators are installed along the 
perimeter in the form of open rectangular waveguide ends (2) using a working 
Hi0 mode. Ferrite phase shifters (3) are installed in the waveguides, the 
phase in which changes as a result of the change in the bias magnetization 
current in winding (4) [5]. The length of a waveguide radiator “should be the 
minimum possible, but such that the phase shifter installed in it is capable 
of assuring control of the electromagnetic field phase ina range of 0 to 27 
radians. 


A ring array is excited through a radial line from the feed radiator in the form 
of an open rectangular waveguide end or a horn (5). The aperture of this horn 
is chosen from the condition that the shape of its directional pattern corres- 
ponds to the shape of the requisite amplitude distribution in the ring array. 

To control the amplitude distribution during beam scanning, the feed horn is 
connected to a rotating coupling (6). The ring choke groove (7) serves for 
matching the feed radiator to the radial line and eliminating radiation through 
the slot between the rotating coupling and the radiating line. 


The maximum electrical scan frequency in the given structural design is governed 
by the inertia of the rotating coupling, and in a circular scanning mode, can 
reach several tens of revolutions per second. 


A drawback to the structural design considered here is the relatively low beam 
control speed, which is related to the presence of mechanical rotation of the 
feed radiator. A variant of an annular array is shown in Figure 4.8, which 
corresponds to the schematic of Figure 4.la, with electrical beam scanning in 
a range of 0 to 360°. The energy is guided from the coaxial stub exciter (1) 
through the electrically controlled switch (2) to the requisite sector of the 
- radial line (3), along the perimeter of which are the radiators in the form of 
waveguide sections with electrically controlled phase shifters installed in them. 
The beam scanning within the angular range determined by the angular spacing 
between two adjacent switcher channels is accomplished solely by virtue of the 
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Figure 4.7. A ring array with mechanical beam scanning. 


Key: A. Rotation angle sensor; 
B. Phase shifter control unit; 
C. Beam control unit. 


phase control at the output of the radiators. The number of switcher channels 
is chosen in accordance with the requirements placed on the permissible beam 
distortion during scanning (a six position switch is :shown in Figure 4.8). 


A multiposition switch can be designed around a reflective type isolator switch, 
which is depicted schematically in Figure 4.9. The operational. principle of the 
switch is based on the dependence of the reflection factor on the magnetic 
field intensity. In such a switch, a thin metal partition (1), placed close 
to the ferrite (2), is soldered to the narrow wall of the waveguide perpendicular 
to the dominant mode electrical field lines of force. With a comparatively 
small bias magnetization field, the wave is almost completely reflected from 
the ferrite and energy does not float through the device. This occurs as a 

. consequence of the conversion of the Hjg mode to an E wave, which cannot propa- 
gate in a waveguide with metallic plates, 
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Figure 4.8. A ring array with electrical beam scanning by means 
of switching the feed irradiator. 
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Figure 4.9. Schematic drawing of an 
isolator switch. Figure 4.10. Feed radiator for a ring 
‘ array with switched outputs. 
In the absence of a magnetic field, 
the ferrite behaves like an isotropic 
dielectric and the microwave energy 


Key: A. To the control unit; 
B. Circular Hoi mode wave- 


passes through to the device output with guide; 
; C. Circular Eo, mode wave- 
few losses. Such switches have a rather guide 


high Kgz [SWR]. For this reason, when 
such switches are combined in an n-position switch, it is essential to provide 
matching elements. The speed of the switches amounts to tens of microseconds. 


Other types of switchers designed around ferrites are also possible [5]. A 
system of resonant slots cut ina circular Ej9 or Ho, mode waveguide (Figure 4.10) 
and switched with PIN diodes can also be used as switches. A drawback to such 


a system is the poor working bandwidth +(2-3) % and the relatively small trans- 
mitted power (about 10 watts). 
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Figure 4.11. A series excited arc array. 


An example of an annular array Figure 4.12. A series excited are array 
design in a series excitation confi- with phase shifters using 
guration is shown in Figure 4.11. Half- waveguide bridges. 


wave slots (1) are cut along the center 

of the wide wall of the waveguide. Four diodes (2) inserted in the center of 
the metal stubs (3), installed between the wide walls of the waveguide, each on 
different sides of each slot, are used for independent control of the amplitude 
and phase of the field radiated through a slot. By changing the voltage applied 
to the diodes, one can change the phase of the field radiated through a slot 
from 0 to 360°. The amplitude control range is 35 dB [6] (the coupling of the 
field radiated by the slot to the waveguide field can vary from -50 to -15 dB). 
In particular, with a balanced circuit configuration for all four diodes, the 
slotted radiator treated here theoretically does not radiate (the coupling to 
the waveguide field is practically about -50 dB). 


Another variant of the structural design of an are array with series excitation 
and discretely switched phase shifters is shown in Figure 4.12. The electro- 
magnetic wave energy from the feed waveguide 4 which is bent in an arc is fed 
through the coupling holes (3) sequentially to the input arms of the slotted 
waveguide bridges joined to the waveguide and passes through the coupling holes 
(2) to the two other arms of the bridge, each of which is loaded into slotted 
stops (1) which are switched by means of PIN diodes. In being reflected from 
the "turned-on" stops, i.e., from the stops to the PIN diodes of which a voltage 
is applied, the wave is then fed to the output channels of the bridges and 

the energy is radiated through the open ends of the waveguides. With a change 
in the position of "turned-on" stops, the phase of the field radiated by the 
wavertscee 5 will change. 


One of the beam scanning methods frequently used in practice in cylindrical 
antennas is the technique of phase-frequency scanning. The essence of it _ 
consists in the fact that the cylindrical array is built up using frequency 
scanning slotted waveguide antennas. The individual slotted waveguide antennas 
are joined together by means of a parallel excitation circuit, in the branches 

of which phase shifters are installed. The antenna beam is controlled in azimuth 
by means of these phase shifters, while the beam scanning is accomplished in 

the meridianal plane by changing the generator frequency. 
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- Other circuits and structural designs are also possible for ring and cylindrical 
arrays [013, 1, 7]. 


4.8. The Design Procedure for Cylindrical Arrays 
We shall consider a few variants for the design of cylindrical arrays. 


Variant 1. Design an are array with electrical beam scanning in the azimuthal 
plane in an angular sector of ($9 + ¢nay> $0 ~ max): 


- The main parameters are specified: the polarization of the radiated field, the 
width of the directional pattern in azimuth 29,5, the working bandwidth 2Af/fp 
and the permissible reduction in the directional gain at the edges of the band, 
the permissible level q of the first sidelobes, and the radiated power P. The 
additional parameters are: the precision in beam steering, the ultimate dimen- 
sions cf the array, the scanning rate, etc. 


The design calculation consists of the following steps. 


1. Determine the amplitude distribution in the equivalent aperture and the 
length of the equivalent aperture lequiv with the condition that the array beam 
is generated along the axis > = $9 using the data of Table 4.1, based on a 
specified q and 2¢9 5. 


2. Select the circuit configuration for the arc array. For this purpose, if 
the precision in array beam steering is stipulated in the specifications, then 
ascertain by means of relationship (4.45) whether the requisite precision is 
realized in a series excited arc array. In this case, naturally, it is necessary 
to specify the type of feedline. If the answer is negative, then a parallel 
excitation configuration is chosen, and if it is positive, then by using expres- 
sions (4.41), (4.42) or (4.41), (4.45) and (4.46) and the graph in Figure 4.6,. 
then based on the permissible reduction in the directional gain, it is necessary 
to find the minimum radius of the arc array for the case of parallel and series 
_ excitation respectively. If the radius found for the series excited arc array 
is not much greater than the radius of the same array with parallel excitation, 
and the array falls within permissible dimensional limits, then a series 
excited arc array is to be selected. Otherwise, it is necessary to choose a 
parallel excited array. 


3. The angular size of the arc array is determined from the values found for a 
and lequiv as well as the specified value of $),,: 


2B max = 2 (B+ (Prax), (4.47) 


where 8 = arcsin(legyiy/2a) - ' 


4. The type of radiator is chosen and using expressions (4.17) - (4.20), its 
polarization and amplitude patterns are calculated. The minimal spacing between 
the radiators and the overall number of radiators is determined (from structural 
design considerations). 
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5. Using the working frequency and the requisite bandwidth, as well as the 
specified power, the type of feedline and the type of phase shifter are chosen. 


6. The requisite electrical length of a phase shifter and the law governing the 
change in this length in the scan sector is found from formulas (4.3) - (4.7). 


7. By means of expression (4.27) based on the chosen amplitude distribution 
Tequiv(y) in the equivalent aperture and the calculated directional pattern of 
an individual radiator, the amplitude distribution is found in the array I, = 
I@,). 


8. The feed system for energy distribution among the radiators is designed using 
the amplitude distribution which has been found. The circuit configuration of 
the phase shifters is specified more precisely. If necessary, a device control- 
ling the amplitude distribution during scanning is selected. For this purpose, 
the reduction in the directional gain in the scan sector with a constant ampli- 
tude distribution is determined beforehand from formulas (4.38), (4.40) or from 
the graphs of rigure 4.4. If this reduction exceeds the permissible value, 

then a provision is made for a device to control the amplitude distribution 
during scanning. 


9. The shape of the main and first sidelobes of the directional pattern is 
computed using formula (4.25) or by means of Table 4.1. When using Table 4.1, 
it must be remembered that the design calculations can be carried out within 
limits governed by expression (4.26). 


10. The level of the diffraction sidelobes is specified more precisely by means 
of formulas (4.22) and (4.28). 


11. The directional gain of the array is determined from expressions (4.33), 
(4.35), (4.36), (4.37) - (4.39) or the data of Table 4.1 and 4.2. 


12. The efficiency of the array and then the gain of the array is determined 
based on the known losses in the feedline, the switchers and in the phase 
shifters. 

13. Taking into account the finally selected circuit, type of radiator and phase 
shifter feed system, the bandwidth properties of the arc array are found more 
precisely. 


14. Where necessary, the shape of the directional pattern is found more precisely 
from formula (4.22) using a computer. 


Variant 2. Design an arc array with electrical scanning in an angular sector of 


The main parameters are specified: the polarization of the radiated field, the 
directional gain, the working bandwidth, the radiated power and the level of the 
first sidelobes. 
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The design calculations consist of the following steps: 


1. The amplitude distribution in the equivalent aperture is found from the 
specified level of the first sidelobes using Table 4.1. 


2. In accordance with the specified bandwidth and installation site of the 
antenna array, the type of radiator is determined and its directional pattern 
is found. The minimum spacing d between adjacent radiators is determined based 
on structural design considerations. 


3. The requisite number of radiators is determined based on the specified direc- 
tional gain in the direction $9, using relationships (4.32) and (4.35) - (4.39). 


The design calculations are then performed in accordance with the scheme for 
variant I in the following sequence: paragraph 2 is done, the angular size 
of the array 28,.,, is determined and then paragraphs 5 - 10 and 12 - 14 are 
carried out. 


Variant 3. Design an electrically scanning arc array for an angular sector of 


The main parameters are specified: the structural configuration of the array, 
its radius (or permissible boundaries, within the limits of which it can be 
chosen), the polarization of the radiated field, the directional gain (or beam 
width), the level of the first sidelobes, the radiated power and the average 
working frequency. 


The design calculations are carried out in accordance with the scheme for 
variant 2 in the following sequence: paragraphs 1 - 3 are carried out, the 
angular dimension 2Bmax and the radius of the array (if its permissible range 
of values is specified) are determined, and then paragraphs 5 - 10, 12 and 14 
of variant 1 are carried, and finally, the working range of frequencies of 
the antenna is computed. 


Variant 4. Design a cylindrical array with electrical scanning in azimuth in an 
angular sector of (49 + dnax> $0 — ?max): 

The main parameters of the array in the azimuthal plane are specified just as 

in variants 1 - 3; the width of the directional pattern and the level of the 
sidelobes in the plane $ = $9 are specified in addition, and the directional 
gain of the cylindrical array is specified instead of the directional gain of 

an arc array. The design calculations are performed in accordance with the 
procedure for variants 1 - 3, with the difference that the directional gain 

of the cylindrical array is determined using expressions (4.34), (4.37) - (4.39). 
The structural configuration of the cylindrical array is additional determined, 
as well as its dimension along the Z axis and the amplitude distribution along 
the z coordinate in the cylindrical array in accordance with the procedures for 
the design calculations for linear antenna arrays (the results of Table 4.1 can 
be used for this purpose, keeping in mind the note placed after formula (4.29)). 
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5. SLOTTED WAVEGUIDE ARRAYS 
5.1. The Function and Specific Features of Slotted Waveguide Arrays 


Slots are widely used in microwave engineering as radiating elements or as 
independent antennas, In this case, primarily slots in waveguides are used, 
although slots in metal plates or foil excited by means of striplines can also 
be employed [01]. 


Slotted waveguide linear arrays (VShchr) provide for a narrowing of the direc- 
tional pattern in a plane running through the axis of the waveguide. 


Slotted waveguide arrays with mechanical, electromechanical and electrical scan- 
ning are used along with slotted waveguide arrays having directional patterns 
which are stationary in space [01]. 


We will note the major merits of slotted waveguide arrays: 


1) Because of the absence of protruding parts, the radiating surface of a slotted 
waveguide array can be co-located with the external surface of an aircraft 
fuselage, without introducing additional aerodynamic resistance in this case 

(an on-board antenna) ; 

2) Optimal directional patterns can be realized in them, since the field distri- 
butions in the aperture can differ by virtue of changing the coupling of the 
radiators to the waveguide; , 

3) They have comparatively simple excitation and are simple to operate. 


A drawback to slotted waveguide arrays is the limited bandwidth. With a change 
in frequency, there is a deviation of the beam in space from the specified 
position in a nonscanning slotted waveguide array, where this deviation is 
accompanied by a change in the width of the directional pattern as well as in 
the matching of the antenna to the feedline. 


-5.2. The Major Parameters of a Slot in a Waveguide 


A slot in a waveguide is excited if it intersects the surface currents flowing 
through the inside walls with its own wide side. 


When a slotted waveguide array is designed, for example, around a rectangular 
waveguide with a dominant Hyg mode, it is necessary to take into account the 

fact that there are longitudinal and transverse surface currents in the waveguide 
in the wide wails and a transverse current in the narrow walls.. 


The four main types of radiat!ng slots in a rectangular waveguide are shown in 
Figure 5.1. Slots I-III are located in the wide wall of the waveguide; slot 
Wis in the narrow wall. Longitudinal slot intersects the transverse current, 
if it is shifted relative to the center line of the wide wall of the waveguide. 
There is no radiation when x, = 0 and the radiation increases with an increase 
in the displacement x,. Transverse slot II is excited by the longitudinal 
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currents. The intensity of the excitation decreases with increasing displace- 
ment from the center line. When x, = 0, the radiation is a maximum. The 
oblique displaced slot III intersects both the longitudinal and the transverse 
currents. When x, = 0 and the inclination angle of the slot is 6 = 0, there 
is no radiation. Slot IV, which is cut in the side wall, is not excited when 
6 = 0. When 6 = 90°, the radiation is a maximum. By means of combining slots 
I and II, one can obtain a cross-shaped slot. With a certain positioning of 
the center of the cross-shaped slot, it radiates a circularly polarized field 


(01). 





As has already been indicated, a 
longitudinal slot running along the 
center line of the waveguide (x = 
0) and an oblique slot in the side 
wall (when 6 = 0) do not radiate. 
However, currents flowing in the 
waveguide walls close to these 
slots can produce such changes 
og that radiation takes place. So- 
called reactive dipoles are used 
Figure 5.1. The mein types of slots used in for this: metallic rods, screwed 
slotted waveguide arrays. into the waveguide alongside the : 
slot, which disrupt the symmetry 
of the current in the waveguide 
wall. 


Oblique slots in the narrow wall usually stick a little bit into the wide walls 
of the waveguide. When such slots are cut in a waveguide, it turns out that 
susceptance of the slot is low and has an insignificant influence on the pro- 
pagation constant of the waveguide [01], practically regardless of the inclina- 
tion angle of the slot 6 (if 6 < 15°) for a fixed value of the cutout depth 

Zo Moreover, the slot susceptance changes considerably less with a change in 
the frequency than in the case of slots cut in the wide wall of a waveguide. 
For this ‘reason, oblique slots in the narrow wall of a waveguide are preferable 
(both from electrical and structural viewpoints), especially in large antenna 
systems. 


External and Internal Radiation Admittances of a Slot. The Equivalent Normalized 
Admittance of a Slot in a Waveguide. When a slot in a waveguide is excited by 
the currents flowing through its interior walls, it radiates electromagnetic 
energy both into the external space and into the waveguide. The slot radiation 
admittance, which is determined by the eRrerany podtertans is called the 

external radiation admittance: Y(e) = Gy + 5B ©). The radiation admittance 
determined by the radiation of energy inte cog vavesuice is called the internal . 
radiation admittance of the slot: yi =G + jB i), 


It can be demonstrated by means of the duality principle [1], that the external 
radiation admittance of a resonant slot, cut in the wall of a waveguide, and 


having an infinite flange is: ; - 
Y) e Gy = 0,5Rx /(60x)?, 
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where Ry is the radiation resistance of an equivalent symmetrical dipole. 


The radiation admittance of actual slot antennas, cut in a shield of finite 
dimensions, is always 19 to 15% less [2] than the admittance of a slot in an 
infinite shield. Consequently, one can assume that the external radiation 
admittance of a slot in a waveguide is: 


Gz ~ 0,9Rs /2 (602)?. (5.1) 


Knowledge of the internal admittances of the slots, y(4) , along with the external 
values, makes it possible to determine the resonant frequency of slots of 
different lengths and to trace this as a function of the position in the wall 

of the waveguide [3]. 


As is well known, a slot cut in a waveguide disrupts the operational conditions 
of the waveguide, causing the reflection of electromagnetic energy: a portion 
of the energy is radiated, while the remainder travels further along the wave- 
guide. Thus, a slot is a lead for the waveguide, in which a portion of the 
power is dissipated, equivalent to the radiation power. 


For this reason, an idea of the influence of a slot on the field in a waveguide, 
and correspondingly, of the equivalent circuit of a slot, can be obtained hy 
replacing the waveguide with an equivalent two wire line, in which impedances 
are inserted in parallel (g + jb) or in series (r + jx) depending on the type 
of slot. Thus, a longitudinal slot is equivalent to an impedance inserted in 
parallel with the line, while a transverse one corresponds to a series connected 
impedance [07]. When doing design calculations for slotted waveguide arrays, 

a series resistance r, normalized for the characteristic impedance of the wave- 
guide, is usually employed, as well as a parallel conductance, normalized with 
respect to the characteristic conductance of the waveguide. Both r and g are 
uniquely related to the external and internal radiation admittances of a slot 
and can be found from the power balance condition in the slot cross-section 

in the waveguide [2, 07]. 


An equivalent circuit of a resonant slot (Figure 5.8a), cut arbitrarily ina 
waveguide (III in Figure 5.1) can be represented by two sections of a two wire 
line with an electrical length of A, and Ay with a shunting conductance g {4]. 
The equality A, = -A2 is justified in this case, i.e., an arbitrary resonant 
slot in a waveguide does not change the phase of the wave passing through. 


The major types of slots which can be cut in waveguides and their equivalent 
circuits are shown in Table 5.1; relations are also given for the equivalent 
normalized resistances and conductances of half-wave slots in a waveguide. The 
following symbols are introduced in Table 5.1: A is the generator wavelength; 
Ag is the wavelength in the waveguide; a and b are the internal dimensions of 
the waveguide. 


The Resonant Length of a Siot. The formulas given in Table 5.1 for the equiva- 
lent conductances and equivalent resistances of slots in a waveguide were 
derived for half-wave slots. This length is close to the resonant length of a 
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Key: 1. Arrangement of the slot; 
2. Equivalent circuit; 
3. Equivalent conductance or resistance. 


slot for which the equivalent susceptance b and the equivalent reactance x are 
zero. Since g and r change little close to resonance, the expressions for 

g and r can also be used for resonant slots. The resonant length of a.slot 

is slightly less than \/2, and is smaller, the wider the slot is. Moreover, 
the resonant length of a slot depends on the displacement of the slot relative 
to the center of the wide wall of the waveguide. 


One can employ the calculated curves [07] shown in Figure 5.2 in a form conve- 
nient for direct determination of the resonant length of slots, 22, to determine 
the resonant length of a.longitudinal slot in the wide wall of a waveguide. The 
data are given for a waveguide with a retardation factor of y = A/Ag = 0.67 for 
three values of the slot width d,. It can be seen that the wider the slot is, 

2 the greater the resonant length of the slot differs from \/2. For a fixed 

slot width and a slight increase in the displacement x, of a longitudinal slot 

relative to the center of the wide wall of a waveguide, the resonance length 

increases, approaching \/2. With a further increase in the displacement of 

the slot, its resonant length decreases. 


The resonant length of a transverse slot in the wide wall of a rectangular 3 cm 
band waveguide when x, = 0 is equal to 22 = 0.488 A [3], i.e., differs insigni- 
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Figure 5.2. The resonant length of a Figure 5.3. The Q of a slot as a 
longitudinal slot as a function of its rela- 
function of its displace- tive width dj/). 
ment x}. 


ficantly from a generator half-wavelength. Inclined slots in the narrow wall 
have a resonant length equal to approximately half of the wavelength in free 
space [01] (its precise value is usually chosen experimentally). 


In design calculations for slotted waveguide arrays, it is important to know 
the slot passband, which is characterized by the quality factor Q. The Q of 
a longitudinal slot is shown in Figure 5.3 as a function of its relative width 
d,/d for a waveguide with a phase velocity retardation of y = 0.67 when the 
center of the slot is shifted relative to the center line of the wide wall of 
the waveguide by x;/\ - 0.185. It follows from the figure that with a slot 
width of d,/d = 0.05 - 0.1, its Q changes insignificantly and does not exceed 
10, which with a high carrier frequency in the microwave band corresponds to 

a considerable bandwidth (2Af/f = 10%). 


The graph for the Q of a longitudinal slot as a function of its relative width 
can also be used for a transverse slot in a roughly estimating its bandwidth. 


The slot width in a slotted waveguide array is chosen by working from the 
conditions for assuring the requisite electrical strength and the necessary 
passband. When a slotted antenna operates only in a receive mode, the major 
factor in the selection of the slot width is the bandwidth of the signals 
being received. 


When selecting the slot width d,, a safety margin of two or three times with 
respect to the breakdown field intensity for the center of the slot should be 
provided, where the field intensity, E,j5¢, is a maximum (227 = 4/2). This 
safety margin is chosen by working from the structural design requirements and 


the operational conditions of the slotted antenna: 

U 1 1 \, 
Ey=— <(>——) Eom (5.2) 
dy 3 


Eslot - 2 
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where U. is the voltage amplitude at the antinode; E, [E,it) is the ultimate 
value of the field intensity at which electrical tecakdown begins (for air under 
normal atmospheric conditions, E,,;4 = 30 KV/cm). 


= In the case of a uniform amplitude distribution over the antenna aperture, when 
the power radiated by the antenna is divided equally among the slots: 


nae 
2P si 
Un = —_— — 
m NO,” (5.3) 
where P is the power delivered to the antenna; G> is the radiation conductance 
of the slot; N is the number of slots. 


If the amplitude distribution over the aperture differs from a uniform distri- 
bution, the slot which radiates the greatest power is to be determined for the 
specified amplitude distribution. Knowing the distribution of the radiated 
power over the antenna slots and the delivered power, it is not difficult to 
calculate what fraction of the total power goes for a given slot. Substituting 
the value found in formula (5.3) in place of P/N, one can find Uy. 


Finally, the slot width is determined from (5.2): 


d, > (2—-3) Un! Enpen: ult. (5.4) 


If the slot is filled with a dielectric or covered with a dielectric plate, its - 
electrical strength is increased [9]. 


5.3. The Types of Slotted Waveguide Arrays 


Distinctions are drawn between resonant antennas, nonresonant ones and antennas 
with matched slots. 





9) (b) 


Figure 5.4. A resonant antenna with transverse (a) and longitudinal 
(b) slots. 


In resonant antennas, the spacing between adjacent slots is equal to Ap (Figure 
5.4a: the slots are coupled in-phase to the waveguide field), or Ap/2 (Figure 
5.4b: the slots are coupled in an alternating phase fashion to the waveguide 
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field). Thus, resonant antennas are in-phase antennas, and consequently, the 
direction of maximum radiation coincides with a normal to the longitudinal 
axis of the antenna. In-phase excitation of longitudinal slots placed on 
different sides of the center line at a spacing of Ap/2 is assured by virtue 
of an additional phase shift of 180°, due to transverse currents in opposite 
directions on both sides of the center line of the wide wall of the waveguide. 
In the case of inclined slots in the side wall, the additional 180° shift is 
obtained by virtue of changing the direction of slot inclination (+5). Conse- 
quently, the resulting phase shift for adjacent radiators in both cases proves 
to be 360° or 0°, regardless of the type of load at the end of the antenna. 


A resonant antenna can be quite well matched to the feedline in an extremely 

narrow band of frequencies. In fact, since each slot is not individually 
- ‘matched to the waveguide, all of the waves reflected from the slots are added 
together in-phase at the antenna input and the reflection factor of the system 
becomes large. It is obvious that this mismatching can be compensated at the 
antenna input by means of any tuning element, but since the matching is dis- 
rupted with even small changes in the frequency, the antenna remains a very 
narrow band type. For this reason, in the majority of cases one dispenses with 
in-phase excitation of individual slots and the spacing between them is chosen 
as d< Ap/2. 


A characteristic feature of the nonresonant antenna obtained in this fashion 

is the greater bandwidth within which there is good matching, since individual 

reflections are almost completely cancelled with the large number of radiators. 
7 % 


wh » 28 
d<As 2 2 d25 









6 © (b) 
MIP ONYUWOMOR : 
- seny3va Absorbing load 





4) (c) 


Figure 5.5. Configurations of nonresonant slotted waveguide antennas 
with longitudinal (a, b), and transverse (c) slots in 
the wide wall of a waveguide, as well as with oblique (d) 
slots in the narrow wall of a waveguide. 


However, when the spacing between the slots differs from Ap/2, this leads to 
out-of-phase excitation of the slots by the incident wave and the direction 
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of the main radiation lobe is deflected from the uormal to the antenna axis. 
This deflection is most often small (with the exception of special cases) and 
changes in the shape of the main lobe and the level of the sidelobes caused by 
the deflection of the beam are still not noticeable. For this reason, the 
directional properties of such an antenna can also be determined as in the 

case of in-phase excitation, with subsequent accounting for the beam inclination 
angle. 


A terminal absorbing load is usually installed to eliminate reflections from the 
end of a waveguide. Circuits of nonresonant antennas with in-phase coupling 
of the slots are shown in Figure 5.5 (Figure 5.5a, c) as well as with alternate 
phase coupling (Figure 5.5b, d) to the waveguide field, where the slots are cut 
in both the wide and in the narrow walls of the waveguide. In all cases, the 
phase distribution in the antenna can be considered linear if the mutual coupling 
of the radiators via both the internal and external space is not taken into 

- account. 





Figure 5.6. Inclined slots in the narrow wall of a waveguide. 


{a_ Pet While the slotted waveguide arrays 

1 shown in Figure 5.5a-c have a radiation 
| a-9 | | | field with only the dominant polariza- 
| | | | tion, antennas with oblique slots in 
the narrow wall (Figure 5.5d) also have 


a field with parasitic polarization. 








The direction of the transverse currents 
in the narrow wall of a waveguide and 
the field intensity vectors for the 
electrical field excited in two oppo- 
sitely inclined slots (+6) where the 
spacing between them is \4p/2 is shown 
in Figure 5.6a with the arrows. The radiation of such slots is determined by 
the horizontal components of the field intensity vector of the slots (Figure 
5.6b). The vertical components produce a parasitically polarized field. To 
reduce the parasitic component of the radiation field, the inclination angles 
of the slots must be made 6 < 15°, for which the power lost to parasitic 
polarization amounts to less than 1%. However, this limits the possibility of 
obtaining the requisite normalized conductances of the slots, g. For this 
reason, special steps are taken in practice [01] to suppress the parasitic 
polarization field. 


Figure 5.7. A slotted antenna with 
obliquely displaced matched 
slots. 


In antennas with matched slots, each slot (longitudinal, transverse or obliquely 
displaced) is matched to the waveguide by means of a reactive dipole or a stop 


S1ihe 
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and does not produce any reflections. Consequently, a traveling wave mode is 
established in such antennas with a terminal absorbing load. A schematic of 
an antenna with obliquely displaced matched slots is shown as 27 example in 
Figure 5.7. In such antennas, good matching to the feed waveguide is obtained 
in a wide passband (5 to 10%). In the case of obliquely displaced slots in 
the wide wall of a waveguide, through the choice of the inclination angle 6 
and the displacement x,, the normalized conductance of the waveguide in the 
cross-section of the slot is made equal to unity and the susceptance existing 
in this cross-section is cancelled out by means of a reactive stub. Since the 
stub is installed in the waveguide section, passing through the center of the 
slot, with a change in the frequency there is a simultaneous change in the 
susceptances of the stub and the slot and their mutual compensation takes place 
in a certain range of frequencies. With a substantial change in frequency, 
the antenna likewise remains matched to the feed waveguide, since it becomes 

a nonresonant one. 


The spacing between matched radiators in an array with alternate phase coupling 
of the slots is usually taken equal to \,/2 at the nominal frequency. The 

direction of the maximum radiation in this case is perpendicular to the axis of 
the waveguide. 


5.4. Methods of Designing Slotted Waveguide Arrays 


There are several methods of designing slotted waveguide arrays. Strict design 
techniques entail considerable mathematical difficulties, and for this reason 
they are not used in engineering calculations and in synthesis problems. 
Approximate methods are usually employed in engineering calculations. 


Approximate design calculations can be performed for slotted waveguide arrays 

by means of the energy technique of [07], which does not take into account the 
mutual coupling of the slots via the internal and external spaces. It is 

assumed that the phase shift between adjacent radiators through the feed wave- 
guide is equal to the electrical spacing between them of 2nd/Ap, while the phase 
distribution in the antenna aperture is linear. However, because of the external 
and internal mutual coupling of the slots in the waveguide, there is a substan- 
tial deviation of the amplitude-phase distribution from the requisite distribu- 
tion, while the attainable directional pattern deviates from the specified one, 
which is primarily due to the cross coupling of the slots via the dominant mode 


[5]. 


The method of recurrent relationships of [6] takes mutual coupling of the slots 
via the dominant mode in the feed waveguide into account and provides for a 
better approximation of the specified distribution in the antenna aperture by 
the feasible distribution as compared to the energy technique. 


The most precise design calculations for slotted waveguide arrays can be 
performed using the method of successive approximations of [07], which takes 
into account both external and internal interaction of the slots in the wave- 
guide (via the dominant and higher modes). However, the design calculations 
are more complicated in this case. 
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We shall consider the method of recurrent relationships and the energy technique 
for design calculations of slotted waveguide arrays. 


4 Ap 





[analloae +47 1 


[nd +h, ait | 


Figure 5.8. The equivalent circuits of a resonant slot, arbitrarily 
cut in the wall of a waveguide (a), and a slotted 
waveguide array (b). 


4 (b) 


The Method of Recurrent Relationships [6]. The equivalent circuit of a slotted 
waveguide array with arbitrary resonant slots in the form of a two wire line 
with shunting conductances is shown in Figure 5.8b. The spacing between adja- 
cent conductances is composed of the distance between the slots and the two 
wire line sections incorporated in the equivalent circuit of the slots. We 
designate the complex amplitudes of the incident and reflected wave voltages at 
_the input as uty and uj.,, and use the symbols ut and un for the complex 
amplitudes of the incident and reflected waves at the output of the n-th four- 
pole network, into which the equivalent circuit of the antenna is broken down: 


uh = Ant +4 Bat, ut=A,+j Bus 
Unt a Cr—1 +- j Dai, Un =Ca+j Dy." (5.5) 


By using four-pole network theory, one can establish the fact that the real 
components A,_, and C,_j and the imaginary component B,-1 and Dp-] of the 
complex amplitudes of the incident and reflected voltages at the input of the 
n-th four-pole network are expressed as follows in terms of the real AW Cc, 
and imaginary B, and D, components of the complex amplitudes of the incident 
and reflected voltages at. the output of the same four-pole network: 


An—1 = (! 4 #) (Aq 608 Ay —By Sint Ay) + £4 (Gqc08 by —Dy siti An), 


Bai = (! ae i) (A, sin A, -|- By cos An) dae (C, sin An -4-Dz, cos 4,),1 
(5.6) 
Cra = ( = ts) (Cn cos An + Dp sin Ay)—£2(A,cosA, + By sin dn),} 


5.6 
Dnt =| se #s) (D,.cos A, —C, Sin Ay) + £2(A, sin Ay — By C05 A, ). ee 
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» 


Here, g, is the normalized conductance of the n-th slot; A, = Ag, + ase-D4. a{m) 
is the electrical spacing between the (n-1)th and the n-th conductances in the 
equivalent circuit; Ag, is the electrical spacing between the slots along the 
waveguide; afn) and A, (n=l) are the electrical lengths which are due to the 
equivalent circuit of the n-th and (n-1)th slots. 


Taking into account the symbols which have been introduced, the radiation power 
~ and phase of the field radiated by the n-th slot are as follows respectively: 


P,= let --arP en = (A, + C, P+(B, : D, Yl 8ns (5-7) 


_ ; ®,, = arg (ut + ‘) = arctg aes + kn, (5 . 8) 
where k = 0, 1, 2, ... nln 


Using formulas (5.6) - (5.8), one can perform the design calculations for a 
slotted waveguide array taking into account the mutual coupling of the slots 
via the dominant mode and without taking their interaction into account via 
the external space or via higher order modes. 


The distributions of the radiated powers P, or the amplitudes F(zy) (zp is the 
coordinate of the n-th radiator) as well as the phases $, of the fields radiated 
by each slot are usually specified in the design of slotted waveguide arrays. 
The distribution of the radiated powers should be normalized so that: 


N : 
en ole (5.9) 
_ x= 


where the power at the input to the antenna is taken equal to unity (Pq = 1); 
K = Py /Po is the ratio of the power absorbed in the load Py to the power at 
the antenna input Po. 


Since the amplitude distribution f(z) is related to the distribution of the 
powers P, by a certain normalizing factor o: 
P, =OP (2,), (5.10) 


then by substituting the value of P, from (5.10) in formula (5.9) instead of 
Py, we obtain: 


N 
o=(1—x) / >} P(r). (5.11) 
n=] 
N 
After determining XP (en) from the specified distribution and the known 
ai=z in 


relative value of the power absorbed in the load (usually, x = 0.05 - 0.1 to 
obtain the maximum antenna gain), the normalizing factor o is found, and conse- 
quently also the power radiated by any slot P, [formula (5.10)], given the 
condition that the power at the antenna input is taken equal to unity. 


The design of an antenna in the case of a specified amplitude distribution 
(antenna synthesis) is managed using an equivalent circuit (Figure 5.8) from 
the antenna end, i.e., from the last N-th four-pole network. The electrical 


spacing between the slots is considered to be specified and constant in this 
case. 
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If there is a matched load (gy = [81 0aa] = 1, uy = 0) following the last N-th 
slot in a nonresonant antenna, then in expressions (5.6) By = Cy = Dy = 0 and 

= ve. Then we obtain for the normalized conductance of the last N-th slot 
from formula (5.7): 

fin = Py lx, | 
‘ (5.12) 

The phase of the field radiated by the last slot is taken equal to zero (see 
equation (5.8)). The quantities Py and « included in formula (5.12) are known: 
the power Py is determined by expression (5.10) while x = 0.05 - 0.1 in the 
usually employed antennas of the type considered here. 


Then, by using expressions (5.5) - (5.7), the real and imaginary components of 
the complex amplitudes of the incident and reflected waves are calculated: Ay.j, 
By-1> Cy, and Dy.; at the input to the N-th four-pole network, and consequently 
also the conductance of the (N-1)th slot: 


iat ets ae a a dt (5.13) 


By sequentially applying formulas (5.6) and (5.13) with the preliminary substi- 
tution of the current subscript n in the last formula for the subscript N-1, 
we determine the parameters of the equivalent circuit of the antenna. 


The quantity A, = ase-l)y Aan + afm) takes on a simpler form, A, = Ad,» if... 

lo gpcodinal slots are used in the wide wall of the waveguide for which a(n) = 
“ake = 0 ( apse 5.8a) [4] or transverse slots in the wide wall, for which afm) 
= 7/2 and agi = -7/2. In the case of more complex slots (for example, obliquely 
displaced slots in the wide wall of a waveguide), the quantities A 0) and As 

are determined by the expressions given in [4]. , 


The deviation of the phase distribution in the antenna aperture from a linear 
distribution, which is caused by the mutual coupling of the slots via the 
dominant mode in the waveguide, is calculated from the formulas: 


2n 
| OS Et) (5.14) 
in the case of slots coupled in phase to the waveguide field, and 


21 
6b = (dt x)(N—n)—O, (5.14a) 


in the case of alternate phase coupled slots, where $, is the phase of the field 
radiated by the n-th slot [formula (5.8)]. 


In calculations using formulas (5.14) and (5.14a), the number k in expression 
(5.8) is chosen so that the difference between the quantities appearing on the 
right sides of formulas (5.14) and (5.14a) will be the least. 


One can correct the phase distribution in the aperture by changing the spacing 
between the radiators d or by using more complex slots, but there no need for 
this, since in the given design method, the external mutual coupling of the 
slots and mutual coupling via higher modes have not been taken into account. 
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The method of designing slotted waveguide antennas using the recurrent relation- 
ships (5.6) is applicable for any number of radiators in nonresonant antennas 
and for any amplitude distribution over the aperture. 


However, with a large number of radiators in an antenna, i.e., in a long* anteti~ 
na, its design is simplified. In fact, with a large number of slots, their 
coupling to the waveguide proves to be rather weak and the reflections from the 
slots are neglectably small. Moreover, since in a nonresonant antenna, the 
adjacent radiators are excited with:a slight phase shift, then at the antenna 
input, practically all of the waves reflected from the slots cancel each other 
out and the input impedance of the antenna remains close to the characteristic 
impedance of the feed waveguide in which a mode is established which is close 

to the traveling wave mode. 


In this case, one can use the energy technique to calculate the parameters of 
the antenna. We shall indicate the approximate limit of applicability of this 
technique for nonresonant antennas. 


The design calculations for a slotted waveguide array where N = 12 for a speci- 
fied amplitude distribution [6] using the energy technique and the method of 
recurrent relationships have shown that in the case of short antennas (N = 12), 
the energy technique yields too rough an estimate: the error in the feasible 
distribution of the powers relative to the specified value in some radiators 
reaches +30%. Moreover, the amplitude distribution proves to be asymmetrical. 
For this reason, in an approximate design of an antenna for a specified ampli- 
tude-phase distribution using the energy technique, one should roughly take 
the number of radiators as N > 15, if the power absorbed in the matched load 
is k = P,/P = 0.05 - 0.1. In the case of a greater power dissipated in the 
load, the number of radiators N is correspondingly reduced. 


The Energy Method for Design Calculations. 


Nonresonant Anternas. Formula (5.10) determines the relative radiation power 


ate 


of any n-th slot (i.e., the radiation power Py referenced to the power delivered 
to the antenna ?9, which is taken as unity): , 


n= Of? (Zn = i=" _ le). 


> f? (@n) 


‘ » Net 
The factor l-« in the numerator of this expression, without taking into account 
the losses in the walls of the waveguide, is the antenna efficiency na; there- 


fore: n 
Ps = —*— Plan). 
2 Pen) (5.15) 


Considering the relationship [07] between the relative radiation power Py, the 
slot coupling factor to the waveguide, a,, and the slot conductance g,: 


*We will conditionally understand a long antenna to be one in which the per 
unit length radiation power is low. 
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P P 
1° - Py (ho 7 -* peory hy” 3 ’ 
: 1. n 1--(P, I-Pa-[* «+-Pat) (5.16) 


Bn & Oy (l—a,), (5.17) 


One can initially determine the relative radiation powers P, of all of the slots 
based on the specified amplitude distribution as well as the antenna efficiency 
by means of iterative conversion calculations from the last N-th slot to the 
first, and then the coupling factorsa,, and finally, the equivalent normalized 
slot conductances, gy, (5.17). Based on the known slot conductances, the coupling 
elements are determined, i.e., the displacements of the slots relative to the 
waveguide axis, x}, or their inclination angle, 6 [see § 5.2, Table 5.1]. 


In the case of identical slot radiators (an exponential distribution of the 
field amplitudes over the antenna), when the equivalent conductances (or 
resistances) of all of the slots are equal, formula (5.17) can be used to deter- 
mine them from the specified na, where: 


N ; 
a@-s1—-Y =m. (5.18) 


Resonant Antennas. A resonant antenna with arbitrary resonant slots and a 
spacing of d = Ap/2 between them (or d = Ap) is designed by the energy technique, 
= which consists in the following. If the amplitude distribution is designated | 
as £(z,), just as before, and one takes into account the fact that all of the 
slots are resonant, then the equivalent normalized conductance of the n-th slot 


is [05]: . - ~ 
es = Buln) | 3 Pen) 
u nx n a, n (5.19) 
The antenna conductance gpy [gi] incorporated in the formula is chosen so as 
to assure good matching of the antenna to the feed waveguide. Thus, the value 
Zin can be chosen equal to unity. 


Antennas with Matched Slots. As was indicated in § 5.3, obliquely displaced 
slots in the wide wall of a waveguide are used along with simple slots, where 

= the former slots dare characterized by two geometric parameters: the displace- 
ment x, and the rotation angle 6, by means of which one can independently 
adjust the amplitude and phase of the field radiated by the slot. Matched 
obliquely displaced slots for which there is no mutual coupling of the radiators 
via the dominant mode are of the greatest practical interest, since there are 
no reflections from the radiators and a traveling wave mode is established in 
the antenna, the designing of the antenna for a specified distribution is 
accomplished by the energy technique using the formulas for nonresonant antennas. 


The methods set forth for designing slotted waveguide arrays with slots equiva- 
lent to parallel conductances, g,, inserted in a line equivalent to the wave- 
guide, also remain valid for slots equivalent to resistances r,, which are 

- inserted in series in the line. For this reason, the design calculations for 
an antenna are performed in a similar manner, with the condition that the 
normalized resistances rp are substituted for the normalized conductances gy 
in the appropriate expressions. 
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5.5. Matching a Slotted Waveguide Array to a Feed Waveguide 


The matching of a slotted waveguide array to the waveguide feeder is usually 
judged based on the value of the reflection factor from the antenna input. 
In the case of a nonresonant antenna with a terminal matched load, the reflec 
tion factor from the antenna input is [05]: 
YG ibn) exp ( = ond) : 
a a dn 4 
pce lae a Is (5.20) 


N 
1 
! +x “2 (gn-+J on) 


where g, + jb, is the total equivalent normalized admittance of the n-th slot. 


In the case of identical slot radiators, where the admittances of all of the 
slots are identical, this expression assumes the form: 


N -2 . 
> (g-|- Jb) exp [- ix w+1)d] sin( = Na) 
a aT aed n SET HOR ‘ (5.21) 
2m 
1--+-— N (g- a 
b> Neti) W sin (= a) 
It follows from formula (5.21) that the reflection factor takes on a value of 
zero (Koy = [SWR] = 1) when 2nNd/Ap = n(N +1). The spacing between the slots, 
d, is determined from this so that throughout the entire range of change in 
\, there is no resonant excitation of the antenna and higher order major lobes 
do not appear in the directional pattern: 


d<(N—1)Anmin /2N. (5.22) 


Formula (5.22) was derived for the special case where the admittances of all of 
the slots are equal. If the admittances of the slots in the slotted waveguide 
array are not equal, then the formula cited here can nonetheless be used for 

a rough determination of the spacing between the radiators. 


In the case of a multiple slot resonant antenna, a short circuiting piston 

at its end is frequently employed to assure its matching to the feed waveguide 
(SWR = 1) for any amplitude distribution in the aperture. When the spacing 
between the radiators is Ap/2 (or Ag) and the spacing from the center of the 
last slot to the piston is Ap(2p - 1)/4 in the case.of longitudinal slots and 
App/2 in the case of transverse slots (p= 1, 2, ...), the reflection factor 

at the antenna input is zero, if the sum of the admittances of all of the slots 


N 
“8 Bn ibn) = I 
ni 
" 5.6. The Influence of a Change in Frequency on Antenna Characteristics 
A consideration of the expression for the reflection factor (5.20) from the 
antenna input shows that when the frequency changes, both the quantity (20/Ap) 
2nd and the total admittance of each slot g, + jb, also change. 


Calculations and experiments show that with slight changes in the frequency, 
the deviations of the slot admittances from the nominal values are small and 


-~ 121 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


a change in the electrical spacing between them (21d/Ag) exerts the main 
influence on the change in the reflection factor, and consequently also on the 
SWR. The SWR of a slotted waveguide array [05] ts shown in Figure 5.9 as a 
function of the change in the electrical spacing between the radiators when the 
frequency changes. When selecting the spacing between slots using formula (5.22), 
the working band of the antenna falls outside the "main lobe" of the SWR, defined 
by the value K,; = [SWR] = 1, and the matching is good. The working band of 
resonant antennas falls in the region of the "main lobe" of the SWR (Figure 5.9), 
something which determines the sharp change in the reflection factor when the 
frequency changes. 


A frequency change has an impact not only on the antenna matching, but also on 
the directional characteristics. When estimating the influence of a frequency 
change on the radiation, the radiative properties of individual elements can 
be considered to be independent of frequency in a first approximation [01], just 
as when investigating questions of matching. In this case, a frequency change 

= leads to beam rotation in space, because of the change in the phase change along 
the waveguide, and this deflection of the beam can be calculated from formula 


(5.26). : 


- ae fer Kay = SWR 










Deg. 
160 165 770 179 180 85 790 195 oad oud : 
a ’ 
Figure 5.9. The standing wave ratio in the waveguide feeder for 
a slotted waveguide array as a function of the 
electrical spacing between the slots. 


5.7. The Directional Properties of Slotted Waveguide Arrays 


The same methods are used to calculate the directional patterns of slotted wave- 
guide arrays as for the calculation of the directional patterns of multiple 
dipole antennas. In this case, the shape of the directional pattern is governed 
by the amplitude-phase distribution in the antenna aperture. 


The following kinds of amplitude distributions are the ones most frequently used 
in practice: uniform, symmetrically decaying relative to the antenna center and 
exponential. The phase distribution is most often linear. 
The normalized directional pattern of a linear array of radiators can be written 
in the form: ; 
F (0, ) = Fi (0, ») F, (0, 9), 
(5.23) 
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where £,(6, $) is the directional pattern of a single radiator; F, (9, >) is the 
antenna array factor, which depends on the number of slots in the antenna. 


We shall give expressions for the antenna factor for various amplitude distribu- 
tions in the antenna. In the case of a uniform amplitude and linear phase 
distribution over the length of the array: 


F 0 a sin (N1p/2) 
1pm SE (5.24) 


where » = Kod sin 6- , is the phase shift between the fields produced at the 
observation point by adjacent radiators; kg = 27/X is the phase constant of 

free space; 6 is the angle read out from the normal to the line of position of 
the slots (Figure 5.10); py, is the phase difference between adjacent radiators 
along the feed system; N is the number of slots. In an in-phase antenna, i 

0; in a nonresonant antenna with in-phase coupling of the slots to the waveguide, 
v1 = 2nd/r53 and in the case of alternate phase coupling, », = 2nd/Ag ~ Te 


If the field distribution in the aperture of a discrete linear array of radiators 
is exponential, then: 


§ -|-shi 
F,, (0) = sh (E/N) simta-j-sh4§ 


she sin? (u/N) sh (B/N) * (5.25)* 


where — =aL/2 is a quantity which 
characterizes the nonuniformity of the 
amplitude distribution in the aperture; 
@ =O, todop is the attenuation constant, 
due to caatacion losses as well as losses 
in the waveguide walls, Np/m; in a wave- 
guide with low losses, agp << ay and 
@*a>3; L= Nd is the length of the 
antenna array; u = 0.5 kgL(sin 6 - sin 
Figure 5.10. The readout of the angles ®8main) is the generalized coordinate; 
in calculating the direc- Omajin is the direction of the main lobe 
tional pattern of slotted of the antenna directional pattern. 
waveguide arrays. 





The deflection of the main lobe of the 
directional pattern from the normal to the line of position of the radiators 
is determined from the formula: 


sin 0, = y — pad, 
a (5.26) 


where y = A/Ag is the retardation of the phase velocity in the waveguide; p = 0 
applies to slots coupled to the waveguide field in phase, and p = 0.5 is for 
alternate phase coupled slots. . 

The following obvious relationship can be employed to determine the attenuation 
constant ay: ; , 

*The formula was derived by G.A. Yevstropov and G.K. Fridman. 
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age Ne, 
QNd OP, 

In the case of antennas with a symmetrical amplitude distribution relative to 

the center which falls off towards the edges (for example, a cosine distribution), 

the calculation of the directional pattern in the case of a large number of 

radiators involves labor intensive computations. In this case, one can use the 

factor for an antenna with a continuous distribution of omnidirectional radiators, 

F,,(8) [7], since the directional pattern of a discrete array and a continuous 

one practically coincide when N > 6 (d = A/2):__ 


F, (0) ~ Fi (0) = ease! {40 es [= (u— 12) 


Ajo-\- 2A4/3t u 2 u—1/2 (5.27) 
u-|-n/2 j’ 


where Ay is the amplitude of the field at the edges of the antenna. 


When the amplitude distribution over the antenna is referenced to unity: A, = 

1 - Ag. The directional pattern of a single slot Fy (6) in the YOZ plane, which 
passes through the line of position of the radiators (Figure 5.10), can be 
determined from the formulas for the directional pattern of a slot in an infinite 
shield in the case of engineering calculations: for a longitudinal slot, Fy (6) 

= [cos ((1/2) * sin @)]/cos 6, and for a transverse slot, F,(0) = 1, since the 
antenna length is usually great (several wavelengths), and moreover, the direc- 
tional properties of an antenna in this plane are determined primarily by the 
array factor F,)(6). 


When determining the directional pattern in the transverse plane (YOX in Figure 
5.10) for an antenna with longitudinal slots in the wide wall of a waveguide, 
one must consider the fact that the finite dimensions of the shield (the trans- 
verse dimensions of the waveguide) have a substantial impact on the shape of 
the directional pattern [07]: the limited nature of the shield imparts a 
directional nature to the radiation: the field in the direction of the shield 
is reduced to approximately 40 to 50% relative to the value of the field in the 
direction of the directional pattern maximum. 


In order to simplify the determination of the directional pattern of a slot in 
the plane normal to its longitudinal axis (the YOX plane), it is convenient to 
replace the waveguide with a flat strip of the same width [06]. It then turns 
out that for a waveguide width of a = (0.7 - 0.8)A, the directional pattern will 
be close to any of the patterns depicted in Figure 5.11. 


In the case of transverse slots in the wide wall of a waveguide or slots which 
are inclined in the narrow wall, the directional pattern in the YOX plane can 

be approximated from the formulas for the directional pattern of a slot in an 

infinite shield, since the shield dimensions in the direction of the slot axis 
have little influence on the directional pattern in either the E~plane or the 

H-plane of the slot [07]. 


Formulas are given in Table 5.2 for the determination of the width of the 
directional pattern of in-phase slotted waveguide arrays and the levels of the 
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210 Sh 
ara 2H=A lH=Q5A 
Figure 5.11. Calculated directional patterns of a half-wave slot 
in the E-plane for various dimensions of the rectangular 
- shield. 


first sidelobes are indicated for various amplitude distributions in the antenna. 
One can also use the indicated formulas in the case of nonresonant antennas, 
since the spacing between the radiators in such antennas (5.22) differs insigni- 
ficantly from the spacing in in-phase arrays and the angle of beam deflection 
from the normal to the array is small. 


TABLE 5.2. 







; Yporenb 
nleproro ‘ 
280,65 Goxosoro (1) 


Amiumryanoe pacnpegenenne 
nenectka, AB 


Amplitude Distribution 





| 13,5 
camme Promos) Sf awa | it 


Pannomepiive Uniform 51A/Nd 





SKcHONENHaNbUNOe (* z= P z/Po= 0,05) : 54,4 A(Nd —12,1 
Exponential 
| Kocuityconganbnoe; aMnantynza ona wa KpanX ake |. 


TCHS , 
Ae (Ae, i) (2) 68 A/Nd —23,6 





Key: 1. Level of the first sidelobe, dB; 
2. Cosine; the amplitude of the field at the antenna edges. 


In those special cases where it is necessary to deflect the beam considerably 
from the normal to the array, the effective length of the aperture Lu¢¢ = Ndcos 
®main is to be substituted in the formulas for the directional pattern width, 
289.5» in place of the antenna length L = Nd. 


The directional gain of an antenna with alternate phase slots in the wide or 


narrow walls of a waveguide when y = A/A, < 1 and d = Ap/2 = (0.6 - 0.9)A is 
determined by the approximate formula: 


! Do & &o (3 -t- N/A), (5.28) 
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where v = 2 for longitudinal slots in the wide wall and v = 4 for oblique slots 
in the narrow wall of a waveguide (when 6 < 15°). 


The aperture utilization coefficient, gg, incorporated in formula (5.28) depends 
on the amplitude distribution in the antenna: in the case of a uniform distri- 
bution, gg = 1; with an exponential distribution gy = 0.85 and 0.92 respectively 
for « = P;/Po = 5% and 10%; with a cosine distribution, go = 0.81 and 0.965 for 
Ap = 0 and Ay = 0.5 respectively. 


The directional gain of an antenna can be estimated using formula (5.28) during 
scanning, if the beam deflection angle 6,,;, < 40%, d/A < 0.6 and the antenna 
length is L = Nd >> A, since a change in the antenna directional gain during 
scanning in the indicated range, because of the change in the effective length 
of the aperture, is compensated in that a linear antenna becomes directional , 
in two planes when Oyain * 90°, while for @main = 0, the antenna is directional 
in one plane [03]. 


In contrast to a linear array, a planar array of radiators is directional in both . 
main planes, and for this reason, its directional gain during scanning begins 

to fall off immediately because of the reduction in the effective aperture of 

the array. j 


The efficiency of a nonresonant slotted waveguide radiator, na, can be computed 
from formulas (3.8) or (3.11). 


Since a short-circuiting piston is usually installed in a resonant antenna instead 
of an absorbing load, its efficiency is higher than the efficiency of a nonreso- 
nant antenna of the same dimensions. With known values for the efficiency and 
directional gain of an antenna, the overall gain is G = Dong. 


5.8. Possible Structural Configurations for Slotted Waveguide Arrays and Struc- 
tural Design Examples 


Depending on the function of an antenna, 
it can be constructed in the form of a 
linear or planar slotted waveguide array 
or consist of a set of linear slotted 
arrays, arranged along the generatrices 
of the surface of an aircraft (Figures 
5.12 ~ 5.16). A schematic depiction of 
a portion of a linear antenna with 
oblique slots in the narrow wall of the 
waveguide, which is used in marine radars, 
Figure 5.12. Inclined slots in the is shown in Figure 5.12. To attenuate 
narrow wall of a waveguide the parasitic component of the radiation 
with isolating metal pro- field of such an antenna, which is polar- 
jections between the ized perpendicular to the axis of the 
radiators. waveguide, metal isolation projections 
[01] are installed between adjacent slots. 


By utilizing the basic concepts of wave 
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Figure 5.13. A nonresonant slotted waveguide array with slots ia 
the side wall of the waveguide. 
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Figure 5.14. A nonresonant slotted waveguide array with longitudinal 
slots in the wide wall of the waveguide. 


attenuation in an overmoded waveguide in the case of propagation between para- 
1lel metal plates [8] and knowing the spacing between the slots, one can deter- 
mine the spacing between the projections dg (Figure 5.12), their length 1, and 
thickness t. 


Examples of the structural design of nonresonant slotted waveguide antennas with 
oblique slots in the narrow wall of the waveguide when they are excited from 

a rectangular waveguide (Figure 5.13) as well as with longitudinal slots in the 
wide wall when fed by a coaxial cable (Figure 5.14) are shown in Figures 5.13 
and 5.14. 


An example of the structural design of a slotted waveguide array with electro- 
mechanical scanning (with a removable upper slotted wall) is shown in Figure 5.15. 


One of the variants of a two dimensional slotted waveguide array [9] consisting 
of eight parallel waveguides, in each of which ten dumb-bell slots are cut is 
shown in Figure 5.16a. As compared to conventional rectangulars slots, dumb-bell 
slots have a greater bandwidth [07].. A specific feature of the antenna is the 
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- Figure 5.15. An electromechanically scanned slotted waveguide array. 
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Cover for the beam steering mechanism; 
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Figure 5.16. The antenna of an aircraft navigation system (a) and 
its directional patterns (dashed lines) (b). 


fact that the even and odd waveguides are fed from different sides by means of 
power dividers and the entire aperture is used to generate four beams (Figure 
5.16b). Such antennas are used, for example, in aircraft independent Doppler 
navigation radars, intended for determining the speed and drift angle of an 
aircraft. , 


For protection against atmospheric precipitation and dust, the aperture of the 
slotted waveguide array is covered with a dielectric plate or the entire radia- 
ting system should be housed in a radiotransparent fairing. 
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5.9. A Sample Design Calculation Procedure for Slotted Waveguide Arrays 


When developing or planning slotted waveguide arrays, the starting data, for 
example, can be the width of the directional pattern in the two main planes 
or in one of them (285 5) and the level of the sidelobes; and the directional 
gain Dp- 


We shall deal with the design procedure for the following variant: the direc- 
tional pattern width is specified in one or two main planes as well as the 
sidelobe radiation level. 


The type of slotted waveguide antenna is chosen at the outset. If the angular 
position of the main lobe of the directional pattern, 6,.;,, is specified and 

the antenna should provide for operation in a band of frequencies, a nonresonant 
antenna is chosen. However, if according to the design specifications, the 
antenna is a narrow band one, but should have a high efficiency, a resonant 
antenna is preferable. Then the spacing between the radiators is found in the 
waveguide selected for the construction of the antenna and the specified band 

of frequencies. In a resonant antenna with alternating phase slots, d = Ap/2. 

In a nonresonant antenna, the quantity d can be chosen in two ways. If the 
position of the main lobe of the directional pattern in space, 8,,;, is specified, 
then the requisite value of d is found from formula (5.26). If the angle O,,;y 
is not specified though, then the spacing between the radiators is chosen from 
the condition that d < Ap/2, as well as to assure that there is no resunant 
excitation of the antenna at the edge frequencies of the specified band (5.22). 
Then, the amplitude distribution for the antenna is selected which assures a 
directional pattern with a specified sidelobe level. Based on the now known 
amplitude distribution, the length of the antenna is found (and correspondingly, 
the number of radiators), which assures the requisite half-power level directional 
pattern width (see the formulas in Table 5.2). 


Then the design calculations are carried out in the following order: 


1. Based on the overall equivalent circuit for the antenna (Figure 5.8b), the 
equivalent normalized conductances, g, (or resistances ry), are computed for 
v all N slots of the antenna (see § 5.4); — 


2. Knowing g, or Yn, the displacement of the center of the slots, relative to the 
center of the wide wall of the waveguide, X1, OL their inclination angle in the 
side wall, 6, is determined from the formulas of Table 5.1. 


3. Having calculated the radiation conductance of the slot in the waveguide, Gy 
(i.e., the external conductance), the voltage at the antinode U, (5.3), and 
consequently also the slot width d, (5.4) are determined from the known value 
of the power at the input (in the case of a transmitting antenna). 


4, With a known position of the slots in the waveguide wall and their width, 
the resonant length of the slots in the waveguide is found from the data of § 5.2. 


5. The directional pattern (see § 5.7), the directional gain and overall gain of 
the antenna are calculated. 


Z 
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Besides the electrical design of the antenna itself, design calculations are also 
performed for the feedline and exciter; when called for by the design specifica- 


tions, the requisite type of rotating joint is selected and its main characteris- 
tics are determined. 
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f. ACCOUNTING FOR MUTUAL COUPLING EFFECTS IN SLOTTED WAVEGUIDE ARRAYS 


As has already been noted in Chapter 5, the energy and recurrent techniques of 
design calculations for slotted waveguide arrays (VShchR) do not assure the 
practical veasibility of antennas with the anticipated parameters in many cases. 
This applies primarily to arrays with a low sidelobe level in the directional 
pattern and is explained by the fact that in the indicated techniques, many electro- 
dynamic factors are not taken into account which occur in the actual antenna 
structure.: It has been determined as a result of specific calculations and experi- 
ments that the limit of applicability of these methods for arrays with a compara- 
tively small number of radiators (up to 30) in each waveguide [1, 2] can be con- 
sidered a directional pattern level of roughly* -15 dB. 


To illustrate this fact, experimentally measured directional patterns and direc- 
tional patterns calculated by the energy and recurrent techniques for typical 
nonresonant alternating phase slotted waveguide arrays with different numbers Nj 
of longitudinal slots in the wide wall of the waveguide are shown in Figure 6.1. 
In these antennas, the identical amplitude-phase distribution of the field in the 
aperture of the arrays, V,, was specified as: 





ee )| exp [---jad(n—1) sin Opn], [<a < Ny, (6.1) 


Va =[1 —0,95 cos (zn WA 


where 6-, [8main] is the angular direction of the main beam of the directional 
pattern; d = 0.575 is the step of the array; k = 2n/\A is the wave number. 


An analysis of the calculated and experimental results makes it possible to con- 
clude that it is necessary to study and take into account electrodynamic factors 
which are significant in the practical realization of directional patterns with a 
low sidelobe level. 


The work which has been done at the present time shows that such factors include 
[1-5] nonresonance of the slots, internal mutual coupling of the slots via higher 
modes, finite thickness of the waveguide walls, and external mutual coupling of 

the radiators. It is apparent that all of these factors influence the directional 
pattern in different ways. For this reason, before working out an engineering 
procedure for taking them into account, it makes sense to conduct a differential 
analysis of these effects and to compare the results obtained with the experimental 
data. 


It is procedurally expedient for the further presentation of the material to 
adduce the example of antennas with slots in the wide wall of the waveguide, which 
are widely used in practice. 


+ 
Roughly, because it depends on the form of the amplitude distribution of the 
field in the array aperture. 


- 131 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 






FOR OFFICIAL USE ONLY 
|FO/Feqgl da AB (-0/ Fas ae 4B 
- L 4 
/ 





iS 


~ 
\ 





eceesen TEESE say 


-30 -200 -0 .0 WE -30 -U@ -0 0 WM we 


Figure 6.1. The directional patterns of slotted waveguide arrays. 


Key: The solid curves are for experimental data; 
The dashed curves were calculated using the recurrent method; 
The dotted curves were computed using the energy technique; 
The dashed-and-dotted curves were computed taking into 
, account the nonresonance of the slots and their mutual 
coupling via higher modes. 


6.1. Basic Relationships 


Initial Equations. Let a system of Ny arbitrarily oriented narrow slots be cut in 
the wide wall of a rectangular waveguide, excitdd by sources located inside it. 

As shown in Figure 6.2, we shall introduce in each of them a local system of 
cartesian coordinates with the OYn axis directed along the normal to the surface 
of the wide wall of the waveguide. Then the complex amplitudes of the voltages 
Vn in the slots, for the case of lmown distributions of these voltages Wp (zn) can 
be found from the following system of linear equations, which take into account 
electrodynamic effects of external mutual coupling [6]: 


N, 
2 Vn Ymatlm, 1 <Scm<cNy, (6.2) 
nom 


where Ymn = yge) + yb) ; yfe) and y@) are the external and internal mutual 
admittances of the m-th and n-th slots respectively; F, is the internal magneto- 
motive force, applied to the m-th slot. The general formulas for yfe), 1a and 
Fy are known [6]: 


‘m 
ye nce J Wn (2m) ni : (2m) 42m (6. 3) 


m 
t 


m 
~z f tpm (em) HY? (2m) demi 
t : 


yw 


mn (6.4) 


m 
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{t 
Fm= {Pm (2m) HS (2m) dems (6.5) 
—Im 


where ZZ, is the length of the m-th slot; 469) (2m), H{e) (2m) and H{1) (2,) are 
the tangents to this slot of the components of the magnetic vectors of the 
unperturbed field of the sources and the fields radiated into the external space 
and into the waveguide of the n-th slot respectively, where these have a unit 
amplitude. 





Figure 6.2. Ah array with obliquely displaced slots in the 
wide wall of a waveguide. 


The major difficulty in practical calculations of Vy, consist in determining the 
matrices for the external and internal admittances for a specific arrangement of 
the slots. , 


The Internal and External Admittances. The external admittances yg) are, as a 
rule, determined approximately, but with sufficient precision for practical 
purposes by means of the duality principle [01]. It is enormously more complicated 
to calculate the internal admittances Y{1). -As can be seen from formula (6.4), 
for this it is primarily necessary to find the electromagnetic field vector H in 
the waveguide, whith is excited by the arbitrarily oriented n-th slot. To solve 
this problem, one can employ the concept of vector potential, given in the liter- 
ature [7]. Substituting in it the distribution of the magnetic current in the 
slot, using generally known formulas, we find the components of the magnetic field 
and consequently, the component H{4) (z,,) tangential to the slot. Substituting it 

in expression (6.4), following integration in explicit form, we derive the formula 
for calculating the internal mutual admittance of the slot, y(4). 


Resonant or slightly mistuned slots are most frequently used in practice, where 
the voltage distribution in the slots is described by the function: 
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(6.6) 


é, Pn (2m) Legs (nzm/2lm)s —Im < tm < lin. 
As the calculations performed using the scheme described here, taking (6.6) into 
account, the following expression is derived for the determination of the internal 


admittances [1]: 


yo. — 1)? ————_——_ 
aut Touab , =. 33 (—) Ypq COS =" 


M4 2 
| (40 cos - y0 +B pqsin = us) + 


atv) 
|i a4 
= {| 0, (i, | Fis, (a 8n 
; aft)" a‘2) 
= (#4, (= 8a +F 6, ( cos =.) | " 
(6.7) (6.7) 
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x) is the displacement of the center of the n-th slot relative to the center 
line of the wide wall of the waveguide; dmn is the distance along the Z axis 
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Mm (af) 1-|- ele | ale) i (pg 5m) oe AG m) 
2Ypq qi 
ef oye a 1 (Peg Sm) sin “q sm) | 
al”): ee aii 8, | (--1)% Se EN Ot 
oh 
Vg: “WV Gpity)Y 7 (ng/ayt--e; 
Sin tin C08 Onn 
0, p 0, q 0, 0, qe, p-=0, 
Chg yi, pO, g>0, ha 1, g-:0, p>0, 
2, p>; 2, q>. 
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- By using the procedure for calculating the mutual impedances of electrical dipoles 
[01], following a series of cumbersome mathematical derivations from expression 
(6.3), we obtain the following formula for the calculation of the external mutual 
admithances of the slot: 


. * fexp—jknr- exp—jtmr 
ye) fon (8n--8u) || ‘eur Lem faume | xP) im tame 


min om : C_Laimn Tima 
Cxp--f km lomn \_. 
---2 cos yy MPT Pome) in [kn (1 -F§)) €& 1 : 
fomn 


| . . 

--jKal - CXP-~ Jkm Fima exp—-] Km Tomn\_. 

; CXP-—-JRaf- uni ' P-- JAm Fame 20cas ee: sin eq (1-8) dB -t- 
é f—-imn Tima Tomn 


0 


: exp —jkmf-1ma 
-{ sin n—b0| j nie) Se 
Ly f-imn 
exp-- jk Fim exp---j Km fomn __sinkall -+E) dt -— 
{jo 2 s wee ee | na lL 
1 (Gna LED an Tran COS Kin hota 
' Jkmr exp~-] Kia 
: exp-—) Km —sm ‘XP ——J Kin Tima 
sale yy CRP Rm Ea gy} eee 
\ (‘om y fein Hountt) fimn 
0 . 
exp—J kal sin x, (1 —§) 
— 20 mn COs ed ae dele (6.8) (6.8) 
fonin Omn 
rae 
where Tamn a y at (mn --a)?, Gs: ~-1; 0; 1; 
yl ov - yi) . ln 
Sin’ |B sin (8m is 5n) rr i 
lin In 
l 
Omn eee - & cos (8m — Sn) i Kg~-Klg (St, M). 
hn bia 


6.2, Planar Slotted Waveguide Array 


We shall now consider a planar array composed of N2 waveguides, in each of which 
Nj slots are cut. It is apparent that with a known excitation of the waveguides, 
the complex voltage amplitudes in the slots can be theoretically determined from 
system (6.2). But when the overal number of slots N1N2 > 100 (this is the most 
real case in practice), the solution of system (6.2) is problematical, even using 
modern computers. An analysis which has been made [1, 3] shows that to solve this 
problem, it is expedient to employ the technique of iterative approximations, in 
each step of which the voltage amplitudes in the slots cut only in one waveguide 
are determined. 
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We rewrite system (6.2) as follows for a planar array: 


Ny, MM, (6.9) 

NON , _.- “ - : 

wnat Viana my mena ng meme Es My, LV Site-TN2, 
22> 7 


where all of the symbols are clear from a comparison with expressions (6.2) - (6.5). 


We shall consider an arbitrary waveguide with the number nf ; then it is not 


. difficult to transform (6.9) as follows: 


M 
1 ry i 
SE vas may PS ge age 0] 

‘ 

Ne Nt (e) 
z 4 
oe Pity ino) x a Ving ne Vin, moO) ny na . (6.10) 
2 n=l apel xf * 

ty of ms, . 


(0) (1), 
since when Ny 7 My >» the internal admittances Yam? ning 0. 


System (6.483 can be solved by iterative approximations. In fact, for a fixed 
value of mj'“ and known values of Vyjn, from the preceding step in the calculations, 
by solving the Ny-th (and not N1N2) prder system of (6.10), we find the amplitudes 
Vaym$ By successively varying n2 9) from 1 to N2, we determine the distribu- 
tion of the complex voltage guplttudes over the entire aperture of the array. One 
can take Vnyn2 = 9 (ng # mj°’) as the initial approximation of the amplitude 
values, which as can be seen from (6.10), is equivalent in this set to dispensing 
with the accounting for the external mutual coupling of the array waveguides for 
the ef waveguide. It is clear from physical considerations that the computa- 
tional method considered here converges. This is also confirmed by the large 
number of spetific calculations performed on computers. 


The external admittances Y(e) __ are determined from formula (6.8) when the 
mjym2njn2 
geometric parameters which characterize the mutual arrangement of the 


slots in the planar array are substituted in them. 


6.3. An Analysis of Mutual Coupling Effects on the Directional Pattern of an Array 


It is obvious that it is difficult to theoretically study in general form the 
influence of introducing the electrodynamic factors enumerated above on the direc- 
tional pattern of an array because of the complexity of formula (6.7)--(6.10). 
Therefore, the only possible approach is the utilization of computers. The degree 
of influence of each factor on the directional pattern can be illustrated with an 
example of analyzing a specific slotted waveguide array. 


For the sake of simplicity, we shall consider a slotted waveguide array formed by 
slots cut in the wide wall. The directional pattern of this array in the vertical 
plane is: 


- 136 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


(6.11) 
N, 
F(0)-- 3 Fn) Vn exp jazi”) sin 0], 
nr} 


where £,(@) is the individual directional pattern of a slot in this plane; 6 is 
the angle read out from a normal to the array; 2(0) is the coordinate of the . 
center of the n-th slot. 


The experimentally measured directional pattern of an equally spaced, alternate 
phase coupled traveling wave slotted waveguide array, as well as the patterns 
computed using formula (6.11) with the recurrent technique are shown in Figure 6.3 
for the following parameters: Ny = 20, 1, = 0.48A, d = 0.445\g, a = 0.78\, b= 

= 0.344), Py = [Pyoqq] = 0.1 and values of Vn determined from (6.1). 


We shall perform a differential analysis of the impact of the various electro- 
dynamic factors on the directional pattern. For this, we first of all determine 
the external and internal mutual admittances. Since d = 0.5\ in this example, 
then, as follows from formulas (6.8) and [01], one can assume in a first approxi- 
mation* that the mutual external admittances are: 


1,028-10-3 Om-1, 
ine nt, ' (6.12) ° (6.12) 


0, men. 





The inherent internal admittances xb were determined in the literature [5], 
while the mutual admittances y(t are computed from formula (6.7) when 5p = 6, = 0 
is substituted in them, since the slot in the slotted waveguide array are longi- 


tudinal: Ves ett) ef2) 
a > ae v2 ab [(s/2x))?--B 2] 


pen? geal 


-[sin (mgd, /2a)]? ( np 
erence “053 ——— 740) 
x | nqd,/2a a!" * 


x [tae 4.07 hoa! | + Bog (=): ail (}I ' 
Brg (x/2Ki)? |i, \ 2nt 2nl 


m= ny; (6.13) 
— oo 
[VE SS ER ay (22) ] col 2h ae) 
jhe 2xabB ng a ea lo 
«th, B —«l B. 
a: (=# wi?) aeTe ee 
a ~" J AK. In lm (1/2kIn)* +32, 











ot! Bing yg"! Brg 


—KIm—al Bog 
(%/2klm)?-+ B2, 


5 ates (6.13) 


Where necessary, the mutual admittances can be computed precisely from formula 
(6.8). 
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: Figure 6.3. The influence of various 
factors on the shape of the 

S oe directional pattern of a 
(F(8)/Fonc| 08. slotted waveguide array. 


Key: The dotted curve is for 
the method of recurrent 
relationships; The curve 
with two dots between 
dashes takes nonresonant 
slots into account; The 
curve with a single dot 
between dashes takes 
nonresonance of the slot 
and mutual coupling via 
higher modes into account; 
The dashed curve accounts 
for the thickness of the 
waveguide wall; The solid . 
curve is the experimental 
directional pattern. 





where dy is the slot widths Bg = [(mq/ka)?-+- (mp/kb)? — 1)-§; 3 € and p are the dielectric 
permittivity and magnetic permeability of the ambient space. 


As can be seen from (6.13), the slot width dj is included in the expression for 
the inherent admittance. It has been shown in the literature [8] that a slot in 
a real waveguide with a wall thickness t is equivalent. in terms of its electro- 
dynamic parameters to a slot of width aq, cut in an infinitely thin wall. The 
relationship between dj and dj is shown in Figure 6.4. It follows from what has 
been presented here that in order to take the waveguide wall thickness into 
account, it is necessary to substitute aj for d, in formula (6.13). 


Thus, system (6.2) with the matrix of mutual admittances, determined by expressions 
(6.12) and (6.13), makes.it possible to find the amplitudes Vp, taking into account 
both all and individual electrodynamic factors. An analysis of the directional 
patterns calculated from these values of Vp makes it possible to more precisely 
specify which factors are the most significant. 


a. Slot Nonresonance. We shall note two special features of formula (6.13) for 
the calculation of the internal admittance of a slot yD: 1) Each temm in (6.13), 
- which is assigned the subscripts p, q, is a partial internal admittance of the 


for a Hgp mode; 2) The partial admittances depend on three geometric parameters 
of a slot (the length, 272); the width d, and the displacement x(0).). Consequently, 
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the resonant length of a slot also depends on the number of modes Hgp taken into 
account (6.13), the slot width and its displacement relative to the edge line of 
the wide wall of the waveguide. The nature of the resonant slot length as a func- 
tion of dj and x60 is the same as that shown in Figure 5.2. 


it is apparent that when just slot nonresonance is'taken into account, the ampli- 
tudes V, are determined from a system of equations oa in which it is necessary 
to set the internal and external mutual admittances Y(1) and y(e) equal to zero. 
A computer was used to study the influence of higher modes on Fhe shaping of the 
directional pattern. Calculations demonstrated that for a relative error in de- 
termining the active and reactive components of the internal admittance of no more 
than one percent, it is sufficient to take only the first seven modes: H10Q, Hol, 
Ho2, H20, Hoi, Hyg and Ho9 [1, 3]. 


The directional pattern of an array calculated under these conditions is shown in 
Figure 6.3. A comparison of the curves shows that accounting for just slot non- 
resonance, although it is important, does not lead to satisfactory results. Con- 
sequently, it is also necessary to take other electrodynamic factors into account. 


b. Internal Mitual Coupling of Slots Via Higher Modes. In order to also take this 
into account, it is necessary to take into account the mutual admittances Yan’ » 
which are calculated from formula (6.13), in the matrix of system (6.2). 

The directional pattern which takes into account slot nonresonance and internal 
mutual coupling via higher modes is::shown in Figure 6.3, from which the rather 
good correlation between the experimental and theoretical results can be seen. 


—(0/Fnoa\ 96 
| /Frnas | ap 








ee 
los bee est ! 1 
Hy “30 -200 -0 G0 0 M8 
Figure 6.4. The equivalent slot Figure. 6.5, The influence of. the 
width as a function modal composition of the 
of the thickness of higher modes on the 
the waveguide wall. shaping of the directional 


pattern of a slotted 
waveguide array. 
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(1) 4,0) 
Yer Nar 
a“ 
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Figure 6.6. The mutual admittance of slots due to 
higher modes as a function of the 
spacing between them (x10) is the part 
of the mutual admittance y(t), which is 
due to interaction via the dominant H10 
mode). 





The data of mathematical modeling of the influence of higher modes (up to p = q = 
= 40) on the shape of the directional pattern [1, 3] are shown in Figure 6.5, from 
which it follows that the major contribution is made by the Hj9, H01, Ho2, H20, 
Ho1, Hy2 and H22 modes. Figure 6.6 illustrates the rapid decrease in the mutual 
coupling of slots via higher modes when the spacing between them increases: in 
particular, when d > 1.5Ag, the contribution of higher modes to the mutual ad- 
mittance fa) is less than 0.1 percent, and for this reason, one can assume that 
under these conditions, mutual coupling is due only to the dominant H10 mode. . 


c. Finite Thickness of Waveguide Walls. In order to take into account the depend- 
ence of the equivalent slot width at on the thickness of the waveguide wall t, 
it is sufficient to introduce in place of the actual width d, of the slot, its 
equivalent width d* in formula (6.13) for the calculation of the inherent internal 
admittance Y(1). “It follows from,Figure 6.4 that with an increase in t, the 
equivalent width of the slot decreases, by virtue of which the value of the factor’ 


[ es increases. This leads to the fact that to obtain a specified 


“Ba j} 2a 
precision in the determination of one it is necessary to take into account: a 
larger number of modes than in paragraphs a and b. Computer calculations have 
shown that with the same relative error of one percent as in paragraph a for the 


calculation of yd), it is sufficient to use the first 14 higher modes. 


width d, and the equivalent width dj are shown in Figure ‘6.3. A comparison of the 
dashed-and-dotted and the dashed curves attests to the necessity of taking the 
finite thickness of waveguide walls into account. 


The directional patterns of an array calculated for the cases of the actual slot 
1 


d. External Mutual Coupling of Radiators. The necessity of taking this factor 
into account in planar slotted waveguide arrays is obvious, since at least the 
nearest slots of adjacent waveguides have a substantial influence on each radiator. 
The conductance and susceptance components of the external mutual admittances 

y(e) can amount to up to 40 percent of the inherent external admittances ye) of 
the slot. In order to take the external mutual coupling into account, it is 
sufficient to substitute the values of Ye), computed from formula (6.8), in the 
matrix for the mutual admittances of the system of equations (6.2). 
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In those cases where the spacing between the slots, dmn, is no less than 0.5\, one 
can use the following formula to calculate the external mutual admittances [01]: 


i % 
cos {| — cos On'} cos {— cos 8 -); 2% 4 
te, 1.642 iG “) (3 oe ae oa Oy 
me seinen sin Um sin Op 


where Om and Op are the angles between the radius vector from one slot to another 
and the longitudinal axes of the m-th and n-th slots respectively. In this case, 
= since the slots are longintudinal, 6, = 6m = 0, and therefore y(e) = Q, 


Similar results are also obtained for other amplitude-phase distributions of the 
field in the aperture of the array. 


Thus, when synthesizing planar slotted waveguide arrays, it is necessary to take 
into account all four electrodynamic factors, and when calculating the internal 
admittances, to consider only the first 14 higher modes. For this reason, the 
superscripts in the twin summation signs of (6.13) are to be set equal to p = q = 








= 3: 
a 2 
/ ®- NY Me _____ Psin (nye 2a) |? co o(2P is 
| a mo , aloe | (0 /2ncl)* Beal atgd,/2a ms a in F 
—2nif 
I-[-¢ pq 1-|-B3, a \2 (6.15 
Se eee Pe a . 15a) 
x| a (0721) F-2, an ) tat | +{ 2K )] aia 
- (6.153) 
- Y mn? (1) 9(2) 
j & ayy v eng "an (2y + ). | cos (2 ao) x 
Is ae *2abxBngq kb xa a 
nq 12 e tn Bog 4. om ng 
S008 (oy ee ee ae 
a 4x2 In bin (0/2x1n)?-|- Bho 
KL Big ; KB ng E 
c J-¢ enn. mn. (6.156) (6.15b) 


(st /2ktn)* - B2, 


6.4. A Procedure for Synthesizing a Linear Slotted Waveguide Array Taking 
Electrodynamic Mutual Coupling Effects Into Account 


The General Scheme. In order to design a slotted waveguide array, taking mutual 
coupling effects into account, it is necessary, as follows from equations (6.2), 
to find the internal and external admittances of the slots for a specified number 
and type of array radiators, as well as the geometry for their arrangement, which 
realize the requisite distribution of the complex voltage amplitudes V,. Since 
this is a rather complicated nonlinear mathematical problem, it is expedient to 
approach its solution from physical considerations. 
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We shall first treat the case of a linear slotted waveguide array. It is obvious 
that the magnetomotive force in an arbitrary m-th slot can be represented as: 


Fu = Vi) (¥W+vi), 20 


where ye is the voltage in the slot without taking the mutual coupling effect 
into account. 


Then we rewrite system (6.2) in the following manner: 


N a“ = + es . if spt 7 
St va (P44) Ve (VO+VO,), 1<m<My. (6.17) 


nef 


It can be solved by an iteration technique, by employing certain physical consid- 
erations. It has been shown in paper [3] that for this, it is sufficient to 
employ the following procedures: 


- 1. Based on the known values of Vn (the requisite distribution) using one of the 
known methods, which do not take into account all of the mutual coupling factors, 
the array geometry is determined (the displacement of the slots (0) and the 
spacing between them). 

2. Using formulas (6.8) and (6.7) (or (6.14)) the matrix of the internal yi) and 
external y(e) admittances is calculated, where these admittances are due to 
factors not taken into account in paragraph l. 


3. The complex voltage amplitudes yl) are determined from the known values of 
Vn» yi) and _ from expression (6.17). 

4. Based on the comput ed values of vit) | just as in paragraph 1, the next approx- 
imation of the array geometry is determined, and then paragraph 2, 3, etc. are 
carried out. , 


2 It is clear from physical considerations that this iterative process converges. 
As a result of the calculation, that array geometry will be found which assures 
the realization of the requisite distribution in the antenna aperture, taking all 
of the electrodynamic mutual coupling factors into account. 


The Initial Approximation. As can be seen from the synthesis scheme proposed here, 
the most complex procedure in a computational sense is procedure 1, all the more 
since the known computational methods cannot be used (the energy or recurrent 
methods), since the complex distribution of vi) in the general case has a non- 

a . linear phase characteristic. To carry out the procedure, a special method has 
been proposed in a number of papers [2, 9-11], which is based on the representa- 
tion of the slotted waveguide radiator in the form of a long line of four-pole 
networks, which are characterized by the equivalent circuits of the slots. 
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The equivalent circuits of various slots of length 2, = 0.54, cut in the wide wall 
of a waveguide and their equivalent normalized admittances (or impedances) are 
presented in Table 6.1, in which the same symbols are used as in Chapter 5. All 
of the par qucrete of these circuits are uniquely related to the external y(e) and 
internal yt) admittances and are found from the balance condition for the complex 
powers in the waveguide slot cross-section [12]. 


Thus, a dominant mode slotted waveguide array can be represented in the form of 
series connected four-pole networks. 


It can shown by employing four-pole network theory that the normalized incident and 


reflected voltage waves, ut and Uy, at the input and output of the n-th four-pole 
network are interrelated by the following expressions: 


FY oe 


a, An ~A A =A 
Gig i & "-age ~" ase" |-aqe ‘} Ut (6.18) 
ion bier bee oh teen ane ey 
where: ay == (UE Es) (LT Er4-Ea-t 26a]; a = Eo Er —En + 28s Ea; 
43=¢ (1 -1-&3) [Ex —Ea— 26189]; Gg = — 95a [L— Ei Sa-t 26, El; 
fy = GBs [l-} r-} Eat 28s Eads ba= ~-q (1 ~—E5) [E, —Ea-|- 2E Bal; 
63 €3 [E.--E2-— 28) Ea]; bg= (1 —&s) [1 —Ei:—Ea-F 2E 1 Eads 
Ay 27 @mlha)das ql b= yf, ba en Es =u! for the equivalent. circuit of 


Figure 6.7a; q = -l, &, = z(n), Eo - Yn» 63 = z{n-1) for the equivalent circuit of 
Figure 6.7b; d, is the spacing between the n-th and (n-l)-th radiators. 


All of the equivalent conductances gyn = Re Eo, b, = Im €9 and dy can be found based 

- on the specified amplitude fp = vel and phase $p = arg V, distributions, with the 
initial values of d\° and the fractions of the power absorbed in the load Py 
specified from physical considerations. 


For this, the auxiliary normalized coefficient is determined initially: 


mnie (6 19) 
[ ii 1 ‘ 

vt Val. " 

Sy, | Py x | n | 


If the incident aa wave to the slotted waveguide array load is normalized to 
unity, i.e., we set Uy, = 1, then the reflected wave amplitude will be Un] = qI, 
where I is the reflection factor, while q = +1 for the equivalent circuits of 
Figures 6.7a and 6.7b respectively. Then, as shown in the literature [10, 11], the 
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Note: The quantities D, and D, are determined in [12]. 


Key: 1. Position and equivalent circuit of the slot; 
2, Internal admittance of the slot, y(i) = g(t} + 7B(1); 
3. Equivalent admittance or impedance. 


LS 
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conductance (or resistance) of the slots fis computed from the formula: 
Baz IVa Pisy, {Ug —qU; |. ‘ (6.20) 


from expression [13]: 


Re [9 (4) | 
v1. jtm [vs (94) | (6.21) 


an 


finz=2Re 


We determine the displacement x) of the n-th slot relative to the center line of 


the wide wall of the waveguide Oby any gradient technique, in parttcular in the 
following manner: 


(6.22) 
4{0) maf) 4-8, sign (gn —2ny), 
where : 
ratte | 
ny Tene a a ee he 
] VA} itm [YA? (2f0)] | 
6 6,4; v=l nan sign (En—8ny— 1) = Sign (@n—Eny_ 9)» 
ae 6 2 . Ag, . 
yt /2+ SIN (Gn—ny_ 3) # SIGN (En—Bny_ 9). 
It is natural to take the following [7] as the initial value of xN0) ! 
xfer (--1)" = arcsin te Sa I 
” 2,09 cont (+>) (6.23) 
B 


which realizes the requisite value of gy given the condition of slot resonance. 
The initial step 59 is chosen in a range of a/20 = a/10. 


(0), 


We determine the equivalent susceptance of the slot from the value found for x, 


(0) (440) _ 
bain em | (6.24) 


v2 +m [YA(32) 
The amplitude and phase of the field radiated by the n-th slot are: 


= lal «Ven |Ud--qua |; (6.25) 


, @y > arg (Ud --qUi)- 
(6.26) 
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Figure 6.7. Equivalent circuits of slotted waveguide arrays. 


Key: 1. The n-th four-pole network; 
2. The N-th four-pole network. 


To realize the specified phase distribution for each n, the following conditions 
should obviously be met:  - ®n-1 = %, - $n-1. Taking (6.26) into account, we 
have: . 


(6.27) 


D,—D,-1- arg pS Gee eS 
Un—t-~qUa—t 


Expression (6.27) can be the starting one when selecting the spacing dy between 
the slots for the realization of the specified phase distribution. We transform 
the right side of (6.27): , 


Un—1—qUa-1 


7% —— == chAn-| En sh An, 6528) 
Un —quy 
where 
[a gh= 1) Uit | (@y-—ahs) Um Le 
ey ooh Ui 4-qUa — -}-[Mag—aqhs) Ut -|-(l—ay-l-ghy) Uae” 
En = an-|-Jbn == ~ Lg = 4 plies eee! C Sackate ue . (6.29) 
Un — qn (ur —qUa) sh An 


Taking these symbol designations into account, following some uncomplicated trans- 
formations, expression (6.29) reduces to the form: 
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A A 
Je arelgQe, 5 yc 


he od ; a A 
d,= apo arcigQn, Qn 20, P< toc3 hi 


a A An 3 ce720) 
dot or arcte Qn, Qn <0, 7 <3 7d> Th 
where: rae 
Qn= tg (On_,;— Dn) : ss do An . 
e dn+bn tg (Dn-1—@n)" ? 2 (Ao —Agsin Orn) * 
Oa [0 ain! is the direction of the main lobe of the directional pattern. 


By sequentially applying relationships (6.18) and (6.20), we find all of the 
values gy, by and dy. We will note that the calculations using these formlas 
yield the same results for the equivalent circuits of Figures 6.7a and 6.7b [11]. 


. Taking equalities (6.20) and (6.25) into account, we obtain val = lVal, ite, 
with the found conductances g,, the specified amplitude distribution is actually 
realized in the aperture of the array. 


The spacing computed from formula (6.30) realize the specified phase distribution. 
For example, if it is necessary to realize a linear phase front in the antenna 
aperture, then it is necessary to substitute the value (2n/Aq) dp sinOmain in 
formula (6.30) instead of $1 - Op. 


Equation (6.27) is satisfied only for definite values of the spacing a. Physic~ 
ally, this means that in the aperture of an array with a spacing of d, between the 
radiators, the specified phase distribution is realized, taking | into account the 
- dominant mode mutual coupling of the radiators. In practice, ax is determined by 
iteration using formula (6.30), where the original values of the spacings d, are 
substituted the right side. If equation (6.27) is not satisfied in this case, 
new values d§!) are substituted in the right side, and the entire cycle is 
repeated. It can be demonstrated that this process converges. 


Thus, the method described here makes it possible to realize a specified amplitude- 
phase distribution in a linear array, rene into account all of the electro- 
dynamic mutual coupling factors. 


The results of such a synthesis for the 20 element slotted waveguide array treated 
earlier where Ag = 3.66 cm are presented in Figure 6.8 and in Table 6.2. The 
directional pattern synthesized using this procedure (Figure 6.8, the solid curve) 
has a sidelobe level of less than -30 dB, and shows a good correlation prior to 

= these values with the requisite directional pattern (Figure 6.8, the dashed curve), 
| while the directional pattern computed without accounting for the mutual coupling 
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Figure 6.8, The results of calculating the | 
directional patterns of slotted 
waveguide arrays. 


Key: The dashed curve is the theoret- 
ical directional pattern; 
i 2H The solid curve takes into 
a account mutual coupling effects; 
The dotted curve is where the 
mutual coupling of the radiators 
is not taken into account. 


effect (Figure 6.8, the dotted curve), correlates with the desired directional 
pattern down to only about the -15 dB level. It must be noted that there is no. 
precise correspondence: between the synthesized and specified directional patterns 
because the spacings between the slots changed and the slotted waveguide array 
changed from an equally spaced one to an unequally spaced array. 





‘TABLE 6 C1) C yserom nsanmonansina (2) Bes yuera Bsanmonananua 





N, 





xf), MM day uM | gn ay 
mm 
1 0,14 24,44 0,95-10-4 0,12 21,0 0,32-10-4 
2 —0,13 21,72 0,43-10-5 —0,16 21,0 0,17-10-8 
3 0,8 22,16 | 0,18-10-4 0,50 © 21,0 0,11-10-* 
4 —0,87 21,81 0,52-10-4 —0,83 21,0 0,40-10-% 
5 1,18 21,17 0,1L-10-4 1,48 21,0 0,10-10-1 
6 —2,73 21,11 0,19-10-1 —1,98 21,0 0,19-10-* 
7 2,91 21,02 | 0,33-10-1 2,60 21,0 | 0,31-10-4 
8 -—3,86 21,38 0,55-10-4 —3,10 21,0 0,45-10-! 
9 4,70 21,76 0,83-10-4 3,77 21,0 0,64-10-! 
10 —5,62 22,03 |. 0,119 —4,41 21,0 | 0,875-10-2 
Il 6,51 22,16 0,160 5,30 21,0 0,153 
12 —7 ,29 22,18 0,195 —6,20 21,0 0,159 
13 8,00 22,18 0,205 14 21,0 0,197 
14 —7,43 22,08 0,182 —7,27 21,0 0,205 
15 6,04 21,74 0,134 6,31 _ 21,0 0,161 
16 —4,82 21,3 0,09-10-4 —4,52 ai, 0,92-10~1 
17 3,66 21,28 | 0,47-10-¢ 2,86 |' 21,0 0,37-10-1 
18 —2,61 21,33 0,19-10~4 —I,43 21,0 0,10-10-4 
19 0,86 21,36 0,46-1073 0,62 21,0 0,17-10-3 
20 —0,93 22,21 0,87-10-3 —0,27 21,0 0,41-10°3 








Key: 1. Taking mutual coupling into account; 
2. Without taking mutual coupling into account. 
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6.5. A Procedure for Synthesizing a Planar Slotted Waveguide Array Taking Mutual 
Coupling Into Account 


We shall now briefly consider a synthesis procedure for a planar slotted waveguide 
array. As was shown in 86.2, with a known law for the excitation of the waveguides, 
the complex voltage amplitudes Vain in the slots are determined from the system 

of equations (6.9). In accordance with (6.16), the magnetomotive force is: 


rl) fy) 
Fragma Vian (inv, mrtg TY pes, mngnt,)e (6.31) 


where A is the voltage in a slot without taking mutual influence into account. 


By substituting (6.31) in (6.9), we obtain a system of equations which makes it 
possible to synthesize a slotted waveguide array by the methods described in §6.4. 
In fact, by asigning an arbitrary waveguide the number m 9) and knowing the matrix 
for the internal and external mutual and inherent admittances of the planar slotted 
waveguide array from the preceding set in the calculations, we arrive at the linear 
array synthesis problem treated in 86.4: 


Ny be ee : 
1 i (1) 
ay Vanym(o) LY Fey) nynlo) 1-¥ feito) nym(o| De Vino) [¥inimtoy mym(o) “F 
Ny Ny : 
ye I—~yy (e) 6.32 
4 Y mmo) mmo) | a na Vist, Y MMM any. (6.32) ( ne ) 
: ny Fmd 


By successively varying nf) from 1 to No, we find all of the internal admittances 


of the slots, and consequently, their (the slots') arrangement in the wide wall of 
each waveguide. 


Thus, the following procedure for the design of a planar slotted waveguide array 
can be recommended [3]: 


1. We determine the external and internal inherent and mutual admittances of the 
slots and their (the slots’) arrangement based on the amplitude—phase distribution 
of VingzmX0) specified for each waveguide having a number 1 < m40 < N2 by means of 
the procedure of 86.4. 


2. Using the geometry for the slot configuration found in paragraph 1 and employing 
formulas (6.7) and (6.8), we find the external mutual admittance matrix. 


3. By substituting the matrix of the external and internal admittances,. calculated 
in paragraphs 1 and 2 in the system of equations (6.32), based on the procedure of 
§6.4 we determine the next approximation of the array geometry and its admittance 
matrices, etc. j 


{ This process usually converges after a few steps. Just as in the case of linear 

array, that geometry of the planar array will be found as a result of the calcula- 
tion which provides for the realization of the requisite amplitude-phase distribu- 
tion in the antenna aperture, taking into account all of the electrodynamic mutual 
influence factors. 
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6.6. Design Calculation Recommendat ions 


The starting data in the design of planar nonresonant slotted waveguide arrays, 
ag a rule, are the following: the direction of the main beam of the directional 
pattern; the width of the directional pattern in the main planes at the half-power 
level; the permissible level of directional pattern sidelobes; the gain; the frac- 
tion of the power lost in the load, and the permissible aperture size. , 


Depending on the purpose of the slotted waveguide array, particular groups of 
initial requirements will be the major ones. Examples of such groups of require- 
ments (variants) are cited in Chapter 5. In all of these variants, one of the 
intermediate steps has to be the calculation of the amplitude-phase distribution 
of the field in the antenna aperture, the calculation of the spacings dp between 
the slots as well as the number of waveguides N2 and slots Nj in each of them. 
Based on these data, using the procedures of §6.4 and 86.5, we determine the 
arrangement of the slots in the wide walls of the waveguides, which realizes the 
requisite amplitude-phase distribution of the f ield in the slotted waveguide 
array aperture, taking mutual coupling into account. 


The calculation of the remaining parameters of the array is accomplished just as 
described in 85.9. , 


In performing the calculations, one specific feature revealed in §6.4 must be 
remembered: taking into account all of the mutual coupling factors leads to an 
unequally spaced configuration of the slots, because of which, the theoretical © 
level of the first sidelobes of the directional pattern may not be achieved. For 
this reason, it is necessary in practical calculations to set standards which are 
several decibels more stringent for the requisite sidelobe level. 
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7. PHASED ANTENNA ARRAYS WITH A HEMISPHERICAL SCAN SPACE 
7.1. General Governing Laws 


The Classification of Phased Antenna Arrays with a Hemispherical Scan Field. 
Operational Principle. Planar phased arrays provide for a rather high gain 

in scanning sectors not exceeding 40° to 50° from the normal to the plane of 

the antenna. The scanning sector of a planar phased antenna array is bounded by 
the main lobe of the directional pattern of a radiating element of the array 

and is determined by the dimensions of the radiating elements as well as the 
mutual coupling between them. However, for some radars (ground based and marine 
long range radars, on-board multifunction radars in aircraft and space vehicles, 
etc.), phased arrays are needed having a scan sector of more than a hemisphere 
(including circular scanning in the horizontal plane). These requirements can 
be met in phased arrays of a special structural design, which employ spatial 
(aplanar) systems of radiators: 


1. Hybrid phased antenna arrays, which take the form of a combination of a 
planar phased array which scans in a comparatively small sector and an uncon- 
trolled locking system, which makes it possible to extend the scan sector. One 
of the most suitable structural designs for a hemispherical scan space is a 
planar phased array with an axially symmetric lens, which is called a shell or 
dome shaped lens (see § 7.2) [1]. For a definite functional relationship between 
the index of refraction of the lens and the central angle 6, the scan sector 

of a planar phased array can be increased by 1.5 to 2 times. 


2. Conformal phased arrays, the radiators of which are arranged on aplanar 
surfaces (usually convex axially symmetric surfaces) {1 - 3]: cylindrical, 
conical, spherical, etc. Besides conventional scanning conformal scanning 

is also used, i.e., scanning which provides for a constant shape of the 
directional pattern and a constant gain in the direction of the main lobe. 
Conformal. scanning is accomplished through the switching of the radiators in 
such a way that the shape and dimensions of the radiating region, moved around 
the axis or the.center of symmetry of the phased array, are preserved. 


Conformal phased antenna arrays make it possible to obtain undistorted scanning 
in azimuth (cylindrical and conical phased antenna arrays) or over the entire 
hemisphere (spherical phased arrays). However, because of the simultaneous 
utilization of only a small portion of the overall number of radiators (10 to 
50%), conformal phased arrays will contain a very large number of controlled 
modules (about 104 to 10°) and have a high cost. 


3. Polyhedral phased antenna arrays, which take the form of a spatial system of 
planar phased arrays (subarrays), arranged on the faces of convex polyhedra 
(pyramids, prisms, regular polyhedra, etc.) and which can be phased either 
independently or jointly [013]. Polyhedral phased arrays with hemispherical 
scanning have fluctuations in the gain and changes in the shape of the direction- 
al pattern, which decrease with an increasing number of subarrays. 
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Requirements Placed on Radiating Elements. The in-phase addition of fields 
having the same polarization of all of the radiators included in the radiating 
region in necessary to generate the main lobe of a convex conformal phased 
antenna array in a specified direction. The movement of the radiating region 
over the convex surface requires changes in the plane of polarization of the 
fields of the radiators included in it. For this reason, it is expedient to 
use radiators with either circular or controlled polarization in certain phased 
arrays with hemispherical scanning (spherical, conical, etc.). 


The same types of poorly directional radiators with axial symmetry are used as 
the radiating elements .of phased arrays with hemispherical scanning as for 
planar phased antenna arrays [05]. The following types of radiators have 
become the most widespread for the generation of the requisite polarization 
characteristics: cross-shaped dipoles, cylindrical helical antennas, frequency 
independent antennas in the decimeter band; open ends of waveguides (horns), 
dielectric rods, helical and frequency independent antennas as well slot 
radiators in the centimeter band. 


The Directional Pattern and Gain of Hemispherical Scan Phased Antenna Arrays. 
The Scan Pattern. The calculation of the directional pattern and the gain for 
various phased array structural configurations have their own special features, 
however, some of the basic governing laws can be utilized in all variants. 


For pyramidal phased arrays, consisting of three to five planar subarrays, which 
execute independent scanning in adjacent spatial sectors, the calculation of the 
directional pattern and the gain is accomplished using the same methods as for 
planar phased antenna arrays. 


For large convex conformal and polyhedral phased arrays, the approximate computa- 
tion of the directional pattern and the gain, with the condition that the main 
lobe is unique [01], can be carried out using the technique of an equivalent 
plane aperture (EPR) [EPA] [3]. The projection of the radiating region of the 
convex phased antenna array onto a plane normal to the direction of the maximum 
of the main lobe (Figure 7.1) is taken as the equivalent plane aperture. The 
equivalent plane aperture is made in-phase by phase leads in the radiators with 
respect to the central radiator: 


AW, mt FS (ry = ro), @ ° ») 


where k = 2n/)3 tr, is the spacing of the v-th radiator from the equivalent plane 
aperture; Tp is the spacing of the central radiator from the equivalent plane 
aperture. 


The amplitude distribution in the equivalent plane aperture A(p) can be 
approximately represented in terms of the directional patterns of the radiating 
elements F,,(6) [Fraq(@)] in the direction of the main lobe maximum of the 
phased antenna array (Figure 7.1): 


A () + Fy (0). (7.2) 
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The differing density in the placement of the radiators in the equivalent plane 
aperture when they are projected from the convex surface leads to a change in 
the amplitude distribution A(p). This correction for the change in the amplitude 
distribution can be found using the methods of geometric optics. 


One can approximately determine the directional pattern and directional gain of 
an equivalent plane aperture by the conventional aperture method [01] for the 
value found for A(p). The approximate nature of the equivalent plane aperture 
technique must be kept in mind, which when 69 = 30° - 60° yields a satisfactory 
precision in the calculation of the directional pattern of a convex phased 
array in a sector of O,4in + 0', where: 


0/2005 <(R/A)'/2, (7.3) 


(289 5 is the width of the main lobe of the directional pattern of the phased 
antenna array). A more precise calculation of the directional pattern and 
directional gain of convex antennas is set forth in paper [2]. 


with respect to the maximum value of 


\ — The function G(®,ain> main) normalized 
the gain Go is called the scan pattern: 


Fex (Ons Pern) =G (9.55 Pru)! Go; (7.4) 


a and the losses in the gain are defined 
by the expression: 





AG (Opens Pry) = 101g FSs (Orns Prat): (7.5) 






CO UALAG 


YA 
Si VONMC: 0k 2 ) 
mA s a - 


The most reasonable placement of the 
radiators on the surface of a phased 
array (in the sense of minimal area 
and gain losses) is achieved in the 






4 ' case where the geometric area of a 
Figure 7.1. Explanation of the equiva- cell S,, is equal to its effective 
lent plane aperture area Sy spo = (y7/4n)D,,g: 
technique. 
Key: 1. Equivalent plane aperture; Sur Su ap (7.6) 


2. Radiating surface. where Dg is the maximum directional 


gain of an elementary radiator of the 
phased array. In this case: . 


Gage Kan 0 S,(40/)), (7.7) 


where K,, is the. surface utilization coefficient of the equivalent aperture; n is 
the efficiency of the phased array elements; S. is the geometric’ area of the 
equivalent plane aperture. , 
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7.2. A Hybrid Phased Antenna Array with a Hemispherical Scan Space. Operational 
Principle. Specific Structural Design Features of a Phased Array with a 
Dome Shaped Lens. 


We shall consider one of the promising systems: a planar phased array with a 

. hemispherical dome shaped lens (Figure 7.2) [1]. A merit of this structural 
design is the comparatively low cost, which exceeds the cost of the planar phased 
array by 1.5 to 2 times in all. During hemispherical scanning, the effective 
antenna area amounts to 0.3 to 0.4 times the geometric area of a planar phased 

= array. 


A planar phased antenna array with a 
circular radiating aperture scans in a 





Lens een sector not exceeding 50 to 60° from the 
PUNT. i no normal to the antenna, irradiating a 
iy”? dome shaped lens with a variable index 


of refraction from the inside (when trans- 
a mitting). The lens, usually in the form 
of a spherical shell (dome) of constant 
thickness, consists of transmissive 
elements, which include internal and 
exterior radiators and waveguides which 
couple them to uncontrolled phased shif- 
ters, which produce fixed phase shifts. 
These phase shifts are figured so that 
the main lobe of the directional pattern 
receives an additional deflection from 
the axis of symmetry. (the normal to the 
Figure 7.2. Hybrid phased antenna array planar phased array), while the scan 
with a dome shaped liens. sector is extended out to a hemisphere. 


Key: 1. Effective plane surface; 


2. Phased antenna array. The axial symmetry of the system assures 


conformal scanning with respect to the 
coordinate ¢ (the directional pattern 
parameters and the gain do not depend on the direction of the main lobe, ¢main): 
When the radiating region moves from the "pole" of the lens (®8nain = 0) to the 
"equator" (@pain = 1/2), the directional pattern changes from a pencil beam to 
a fan-shaped one, while the gain changes, since the dimensions and shape of 

the radiating region change. 


Basic Design Expressions. The parameters of the phased antenna array and dome- 
shaped lens depend on the distribution of the phase shift ¢% (6), introduced by 
the lens and which causes an additional deflection of the main lobe of the 
directional pattern, Omain(®) (Figure 7.2). 

In the case of a linear function: 


Omain = q78 ’ Onn Ws t, a>. (7.8) 


The retardation factor along the surface of the lens (along the "meridian", see 
Figure 7.2) is: 
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Berea tt 280 @) 


KR di 


--sin{(a--1) 9), (7.9) 
where R is the radius of the lens; and: 





na 


(0) = — et sin? =)" (7.10) 
is the phase distribution. 


To reduce the lens thickness, it should have a zonal configuration, so that the 
following condition is met: 0 < $(@) < 2m. 


The boundaries of the zones, 6,, are determined from the condition $(6,) = -2mn: 





On —earesin / 1 G@o* | (7.11) 
n--! 2R 

The specified phase distribution (6) (7.10) is assured through the appropriate 

design of the uncontrolled phase shifters and determines the nature of the change 

in the system gain when the main lobe is defracted from the axis of symmetry. 


An approximate estimate of the gain of a phased antenna array with a dome-shaped 
lens can be made on the basis of the following considerations. Neglecting the 
change in the amplitude distribution introduced by the lens, we find: 


: 79 < Ss 
G (0.5) Go 3y (0) F2, (04) — (7.12) 
0 





G(Omain) * GoF Sent (0)Faut (01) [Sepa/ So] 


where G is the maximum gain of the phased antenna array (in the direction of the 
normal); Foent(8) is the directional pattern of the central radiator of the 
planar phased array (in the direction of the beam OA); Foyt (@) is the directional 
pattern of the outside radiator of the lens, corresponding to the beam OA, in 

the direction of the deflected beam of the antenna directional pattern; 0] = 

(qz - 1)@ is the deflection of the main lobe of the antenna from the central 

ray OA; Sepa is the area of the equivalent plane aperture, normal to the 
direction of the main maximum of the antenna directional pattern; Sq is the 

area of the planar phased antenna array. 


yn 20 Wa an 
Sef 
wap — Wal BRIS 






Phased array 


Figure 7.3 
Graphs of G(®@pain)/Go as a function 


of 8main: 
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The equivalent plane aperture of the radiating region has a circular shape when 
Canto and the shape of an asymmetrical oval when 0... > 0. The dimensions 
of the equivalent plane aperture can be approximately determined by solving 
transcendental equations, derived on the basis of geometric optics. Graphs for 
the function G(nain) /Go are shown in Figure 7.3 for Féent (89) = cos8y and 

Fout (91) = cos0;. It can be seen from the graphs that depending on the require~ 
ments placed on the function G(0,44,), an optimal value of the parameter q, can 


be chosen. In the majority of cases, expedient values are q] = 1.5 - 2.0. 


The relationships for the gain were derived with the assumption that the 

- equivalent plane aperture is in phase. To meet this condition, the phase distri- 
bution in the aperture of the phased antenna array should be nonlinear. The wave 
front between the lens and the planar phased array should be convex facing the 
phased array. 


According to existing data [1], a hybrid phased antenna array with a dome-shaped 
lens provides for hemispherical scanning even in large sectors. The gain 
reduction during scanning for q; = 1.5 - 2.0 reaches 4 to 5 dB. The level of 
the sidelobes does not exceed -18 to ~-20 dB. 


; The main advantage of the structural design is the cost which is lower than 
“ the cost of other phased antenna arrays with hemispherical scanning. 


7.3. Conformal Phased Antenna Arrays. 


Classification and Excitation Techniques. The radiators of conformal phased 
arrays are arranged on aplanar (usually convex, axially symmetric) surfaces. 
Cylindrical, conical and spherical phased arrays have become the most widespread. 
Conformal phased arrays provide for a hemispherical scan space with the least 
fluctuations in the gain and are the most expensive among systems of this class, 
which is due to the large number of controlled phase shifters and the complex 
phasing system. 


Small fluctuations in the gain are achieved by scanning without changing the 

shape of the directional pattern by means of moving the radiating region of 

the array around the axis or the center of symmetry by means of electrical 

switching. In this case, the size, shape, and number of elements in the radia- 

ting region remain approximately the same (conformal scanning). 

To realize conformal scanning, the feed distribution of the radiating elements 

of the phased array should be the same, regardless of the direction of the main 
lobe. Feeder systems (parallel or mixed) and active systems (amplifiers, gene- 
rators or frequency multipliers in each element) are used to feed conformal 
phased arrays. 


Beside: switching the radiators, the phase distribution and the focusing system 
for the radiators in the direction of the main lobe are controlled in conformal 
phased arrays. The convex shape of the surface of conformal arrays leads to 
the necessity of producing nonlinear phase distributions. The control is 
accomplished, just as in planar phased arrays, by means of specialized computers 
or matrix configurations (Butler matrices, etc.). 
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Figure 7.4. A cylindrical phased Figure 7.5. The directional pattern of 
antenna array. a cylindrical phased 
antenna array radiator. 


Cylindrical Phased Antenna Arrays*. Cylindrical phased arrays (Figure 7.4) do 
not provide for complete hemispherical scanning (they are not effective in a 
sector of out to 30 to 40° from the system axis) and are used in those cases 
where it is necessary to have circular conformal scanning with maximum gain in 
a plane normal to the axis of symmetry. Effective scanning of the "axial" 
sector can be accomplished by a planar phased array, placed on the upper base 
of the cylinder (this variant is not treated here). 


Since a cylindrical surface unwraps into a plane, the placement of the radiators 
on it is the same as on planar phased arrays (a triangular or rectangular grid 
can be used). Conformal scanning is accomplished in a plane normal to the axis 
of symmetry of cylindrical phased arrays by moving the radiating region; in 

the plane of the generatrix of the cylinder, conventional sector scanning is 
employed using a linear phase distribution. Cylindrical phased arrays can pro- 
duce radiation of any polarization (including linear). 


The elementary radiators of cylindrical phased arrays are chosen from the 
usual considerations (see § 7.1). The directional patterns of the isolated 
radiators are close in the majority of cases in shape to a cosinusoidal form: 


F,,(0, 9) sin 0 cos (p— pv), (7.13) 


where diy are the coordinates of an element with the number uv. 


The influence of mutual coupling of the radiators via the dominant and higher 
modes is manifest in the greatly indented nature of the directional pattern of 
an element in the plane normal to the system axis (Figure 7.5), and in the 
sharp drop in the gain in the case where the radiating region encompasses a 


sector greater than 21), where:, , 
sin (jg & A/dg—1, (7.14) 


*Additional information on cylindrical phased arrays is contained in Chapter 4. 
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d, is the array step in a plane normal to the system axis. The drop in the gain 
is related to the violation of the uniqueness condition (the appearance of 
additional main lobes) and the mismatching of the array because of mutual coupling 
of the element. Since similar phenomena also occur during sector scanning in 

the plane of the generatrix if the scan sector 26¢x does not satisfy the main 

lobe uniqueness condition, the steps of the array dy and d, should satisfy the 
following conditions (see 2.3): 


dol <(1-- sin pg)~!, ~ (7.15) 
dvr -F sin Oey, (7 16) 


To focus the radiation in the direction (@,,;n> ¢main), a2 phase distribution 
should be created in the radiating portion of the surface of the cylindrical 
phased array which assures that the distribution in the equivalent plane aperture 
is in phase; the phase of the pv-th radiator is: 


Oy = —« [asin 0,, cos (Pn —Ppy) -F Zy COS Ort (7.17) 


wheie k = 2n/A; a is the radius of the cylinder; Z\ and 9), are the coordinates 
of the uv radiator of the phased antenna array. 


When the main lobe uniqueness condition is met, the techniques of an equivalent 
plane aperture and an equivalent linear antenna can be used to calculate the 
directional pattern of the cylindrical phased array, while the concept of the 
effective length of a linear antenna can be used to calculate the width of the 
main lobe. The requisite level of the aperture sidelobes q can be achieved by 
switching off a portion of the radiators (thinning the array). 


To assure minimal cost of a cylindrical phased array, the aperture angle $9 

is optimized. The optimization criteria are a minimum number of controlled 
radiators and minimal antenna dimensions. Minimal dimensions (the antenna 
diameter 2a) are achieved when $9 = 60 - 90° (when $9 > 60°, the requisite 
number of radiators practically does not change). Since an increase in $9 leads 
to a decrease in dg/A (when $9 = 60 to 90°, d./A = 0.54 - 0.50), something which 
is frequently undesirable because of structurl design considerations, values 

of $9 = 50 - 60° are expedient. 


The overall number of controlled radiators, in the case of dimensions of the 
radiating region of H * 2a$q and a rectangular grid is: 


N,,--N, No . (7.18) 
and in the case of a triangular grid: 
 Nav= (73/2) Nos (7.19) 
Here, the requisite number of radiators along the generatrix is: 
N, =: Hldz~+Co,5/200,62z (1- sin Oey), (7.20) 


209,52 = Cg,5\/H is the width of the main lobe in the plane of the generatrix; 
the requisite number of elements about the periphery of the cylinder is: 
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(7.21) 


209.54 is the width of the main lobe in a plane normal to the axis of the cylinder 
(the divect ional pattern of an element of the phased array is taken as cosinusoi- 
dal). 


Circular conformal scanning is achieved in a cylindrical phased array while at 
the same time using a comparatively small fraction of the overall number of 
radiators (30 to 40%). 


Conical phased arrays (Figure 7.6) provide 
for a hemispherical scan (with fluctuations 
in the gain of several decibels). They 
are used in cases where it is necessary to 
place a hemispherical scanning phased 
array in a conical (or ogive) housing of 
an aircraft, as well as when the maximum 
gain should be achieved in an axial direc- 
tion or a direction inclined to the axis 
of the cone. 


| 


~_—, 
— ee ne, 
Se ne, 
—_——. po 


tl 


Conformal scanning (movement of the racia- 
ting region) is realized in conical phased 
arrays in the plane of the base, as well 
as conventional sector scanning in the 
plane of the generatrix. The radiating 
Figure 7.6. A conical phased antenna’ region occupies a sector, the size of 
array. which depends on the direction of the main 
lobe, O, 





ain* 


In the case of hemispherical scanning, some portions of the conical surface 
radiate at large angles, and for this reason, it is expedient to take the step 
of the array close to 0.5 (d/A = 0.50 - 0.55), although in a number of cases, 
it must be increased up to 0.6 to 0.75\ because of structural design considera- 
tions. 


‘It is expedient to use radiators, the main directional pattern lobe of which is 
not directed along a normal to the generatrix of the cone, but rather in the 
direction of the requisite maximum gain. The influence of mutual coupling 
between the radiators of a conical phased array on the directional pattern of 
a radiator in the plane of the base is manifest, just as in cylindrical phased 
arrays, in an indented central portion of the directional pattern of a radiator. 
However, in contrast to cylindrical phased arrays, the deep nulls inthe direction- 
al pattern related to the appearance of additional interference maxima, are near- 
ly absent because of the conical shape of the surface (Figure 7.7). The width 
of the main lobe, 209 5, and the gain, G,.,, of a conical phased array are 
determined by the dimensions of the equivalent plane aperture of the radiating 
region. 


No 2nttfdg:- 4x28 LE sin go 
- 09.59 Sin 2po-1-2po" 
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Figure 7.7. The directional pattern of Figure 7.8. Sepa! So as a function of 
a conical phased antenna matn® 
array radiator. Key: 1. Planar phase antenna 
array. 


The graphs of Figure 7.8 make it possible to estimate the change in the equiva- 
lent plane aperture area of a conical phased array, S, a/So (S, = na*© is the 
area of the base) with a change in the direction of focusing of Onain and the 
vertex angle of the cone $, (the angle between the axis and the generatrix).. As 
a rule, radiators are not placed at the vertex of the cone, however, this area 
is small and was not taken into account in the given case. An analysis of the 
graphs shows that to reduce variations in the gain during scanning, it is 
expedient to employ conical surfaces having $, = 18 to 20°. 


The impossibility of placing controlled radiators at the vertex of the cone leads 
to the appearance of a nonradiating region in the equivalent plane aperture. 

In the case of axial radiation, it has the suape of a circle with a radius of 

an << a. The dimensions of the nonradiating region, when ag/a ='0.1 - 0.3, have 
tle impact on the gain, but can substantially increase the level of the 
aperture sidelobes q. The level of the sidelobes q as a function of the ratio 
ag/a with a axial radiation for uniform (A (r) = 1) and optimal Aopt (r) amplitude 
distributions are shown in Figure 7.9 [4]. 


The following phase distribution should be produced to focus the radiation in 
the direction O,4in> ?main ©? the radiating portion of a conical phased antenna 


array: 
| Day KZy [1g py SiN Oy, COS (Pysy —-Ppev)-~ C08 Oya], (7.22) 
where the coordinates of the elements Z,, < 0. The requisite number of radiators 

is: 

N a Sid Sac (7 .23) 

where: 

Sy ua? [1 ~~ (ag/a)?*] cosec (x 

(7.24) 


is the area of the conical surface; and: 
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Figure 7.9. The level of sidelobes Figure 7.10. A spherical phased antenna 
where a nonradiating region array. 
is present. 


(? - in the case of a square grid, 


mw | 2d/3 in the case of a triangular grid. (7.25) 


is the geometric area of a cell; d is the step of the array. 


To obtain narrow directional patterns, the overall number of controlled radiators 
in conical phased arrays should be of the same order of magnitude (10°) as for 
cylindrical arrays. A hemispherical scan with gain variations of no more than 

1 to 2 dB can be provided using a conical phased array. 


Spherical phased arrays (Figure 7.10) provide for a hemispherical scan with 
minimal changes in the directional pattern and gain variations (6.1 to 1.0 dB). 
This is accomplished by arranging the radiators with a nearly uniform density 
over the surface of the sphere and employing conformal scanning, i.e, maintaining 
the shape and dimensions of the radiating region during scanning. The center 

of the radiating region in usually located in the direction of the main lobe (or 
the equal signal direction). The radiating region is moved by switching the 

feed for the radiators, while the phasing (identical within the limits of the 
radiating region for any position of the region) serves to compensate for 

phase errors (focusing). Disconnecting some of the radiators and. controlling 

the shape of the radiating region make it possible to obtain directional patterns 
with different parameters. 


The most uniform filling of a spherical surface with radiators is obtained with 
a triangular grid for the radiator layout. 


To preclude large losses in the gain, the step of the array d/d when generating 
an axially symmetric main lobe is to be chosen based on the condition (in a 
manner similar to a cylindrical phased array): 

djh< (1 +-sin O)—', (7.26) 


: where 285 is the central angle of the radiating segment (Figure 7.10). The type 
and dimensions of a radiating element are chosen based on the same considerations 
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as for other convex phased antenna arrays. The influence of mutual coupling of 
the elements of a spherical phased array on the directional pattern of a radiator 


is less pronounced than for other types. 


In the case of spheres with large radii 


(a/k > 10), the directional pattern of a radiator is close to the directional 


pattern of an element of a planar array having the same period. 


When condition 


(7.26) is met, the directional pattern of a radiator of a spherical phased 


antenna array is: 


F., (0, @) & cos (0—0%) cos (P—Phv)> 


(7.27) 


where 0), and diy are the spherical coordinates of the pv-th radiator. 


The radiators of a spherical phased array should have either circular or con- 


trolled polarization. 


The central angle of the radiating region, @9, can be optimized based on the 
criterion of a minimum overall number of radiators to obtain the specified 
width of the main lobe of the directional pattern or a specified gain [5]. 
Calculations show that the minimum number of controlled radiators is obtained 
when 6 = 50° to 90°, but because of the poor radiation efficiency of elements 
having a directional pattern of the type of (7.27) at large angles, it is 
expedient in practice to use phased arrays where 69 = 45° to 60°. 


wa WN 
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Figure 7.11. The parameters of a 
spherical phased array 
as a function of 6. 
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A surface covered with radiators should 
encompass the portion of the sphere bounded 
by the angles: 
0< 0’ << n/2-]-%, (7.28) 
where the spherical surface in the region 
@' > n/2 can be replaced by a cylindrical 
one because of structural design considera- 
tions (a spherocylindrical phased array). 
The total radiating area of the surface 
does not change in this case. The follow- 
ing phase distribution [04] is produced 
to focus the radiation in the direction 
Omain> main on the radiating segment of 
the spherical phased array: 


(7.29) 


The overall dimensions and requisite number of radiators in.a spherical ( or 
spherocylindrical) phased array are calculated using the following procedure. 


1. The radius of the circular equivalent planar aperture of the radiating seg- 


ment, a is determined: 


epa? 


Qdonpld Co,e/200,5» 


(7.30) 
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where in the case of a cosine directional pattern of a radiator (see (7.27)) and 
Vg = 45 - 60°, the coefficient Co 5 = 62 - 64°, while the level of the aperture 
sidelobes is q ~ -20 to -21 dB (see Figure 7.11). 


2, The radius of the spherical surface is determined: 


a= /sin89 (7.31) 


Fepa 
3. The step of the array is determined (see (7.26)); when vo = 45 - 60°, the 
step is d/A = 0.59 - 0.54 (see Figure 7.11). 


4. The requisite number of radiators N in the case of a triangular layout grid, 
taking formulas (7.25) and (7.28) into account, is found from the expression: 


N= N'H200) (7.32) 


where 
rh pa, (te bsin do) 
. ia Vr Cos sin? th (7.33) 
(see Figure 7.11). The overall number of radiators in a gpherical phased array 
in the case of narrow directional patterns is N ~10% - 10°. 


7.4. Polyhedral Phased Antenna Arrays. 


Classification. Excitation Techniques. Polyhedral phased antenna arrays take 
the form of a system of planar phased arrays (subarrays), arranged on the 
faces of a convex polyhedron. 


Where the number of subarrays is Neyp < 10, they are usually arranged on the 
faces of a regular or truncated pyramid. Such polyhedral phased arrays are 
called pyramidal. In the case of a large number of subarrays, they are placed 
on the faces of a regular polyhedron (for example, an icosahedron) on inscribed 
in the sphere of a polyhedron derived from an icosahedron by the sequential 
fractionization of its faces. The overall number of subarrays can reach N,yp * 
10° - 10°, while the overall number of radiators runs to N = 10° - 10°, 


In terms of the directional pattern parameters, pyramidal phased arrays are 
close to planar arrays, while polyhedral phased arrays where Noyp = 10° are 
close to conformal phased arrays (such phased arrays can be called quasicon- 
formal). A spatial excitation technique (in a transmissive variant) can also 
be used to excite the subarrays, in addition to feeder and active excitation 
-methods. 


Polyhedral phased arrays have the following advantages over planar and hybrid 

phased antenna arrays: the possibility of realizing hemispherical scanning with 

smaller fluctuations in the gain and better utilization of the surface taken up 

by the radiators. As compared to conformal phased arrays, they are better suited 
- for production, something which is related to the use of not just modules of 

the same type, but also subarrays of the same type, as well as the utilization 

of a spatial feed system for the subarrays and the simplification of the phase 

distribution control system. 
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In pyramidal phased arrays, the planar subarrays are placed on the faces of 
regular or truncated pyramids where the number of side faces is M = 3 - 6 
(Figure 7.12). Two phasing modes are possible for the subarrays: independent 
and combined. In the first mode, each subarray scans independently of the 
others in a definite spatial sector; in the second, several subarrays scan a6 
a single system. It is expedient to employ both modes in combination. 





Figure 7.12. Pyramidal phased antenna arrays. 
In the case of independent phasing, the design procedure for the structural and 
radio engineering parameters of planar subarrays does not differ from the 
procedure used for planar phased arrays. 


The optimal slope angle for the side face of a pyramid, Eopt» can be determined 
by working from one of the following requirements: 


1) Maximum gain in a definite direction, 0,,,; and in this case: 








Eopt = Smax Bour” = Umax’ . (7.34) 
2) Minimum variations in the gain, in the hemisphere, in this case: 
u 
cae te arcl? (cos “a : (7 ° 35) 
For a truncated pyramid (using the upper face, where a subarray can be placed): 
tpt = arccos | cose BY sect eT, : 
Cont 0 ( Ce cosect — — easec? = Il]. (7.36) 


The minimum gain G,;, is obtained with maximum beam deflection from the normal 
to the subarray: 


O. °° arecos (sin & cos 1/M). (7.37) 


The drop in the gain at the boundary of the scan sectors of the subarrays in 
the case of a cosine directional pattern of a radiator is: 


AG [1b] o 10 Ig (cos? 0¢,). (7.38) 
The main lobe uniqueness condition requires limiting the step of the subarrays: 
d/n << (I -|- sin Ven), (7.39) 
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and therefore, the overall number of radiators in a pyramidal phased array with 
a circular configuration for the auberxeye N = AN' arranged on the faces of the 
pyramid, where: 


x (Cos 
“A \ 200.8 in the case of a square grid, 
3 (Con \? 
eV3 (S*-) in the case of a triangular grid. 
8 200.5 
Co,5 = 62--67 when q = ~20 -- -25 dB and with a quasioptimal amplitude distri- 


bution (or the equivalent thinning of the subarrays) ; 


, M (1-+sin 0.) for a pyramid, 
: Neues ae for a truncated pyramid. 


Comparative data are given in Table 7.1 for pyramidal phased arrays where M = 

3--6. An analysis of the data of Table 7.1 shows that pyramidal systems with 

four sides have the best combination of parameters. In this case, a truncated 
pyramid (five subarrays) has the least fluctuations in the gain, while a four 

sided pyramid without a top face has the fewest number of radiators. 





















































TABLE 7.1. 
finjaterb Thapannya | Yeevenvad onpamaya 
M | 3 | 4 5 | 6 | 3 4 5 | 
Eopt | 63,5 54,7 5,0 | 49,1 | 82,5 | 74,5 | 69,6 : 66,8 
: 0°. 63,5 54,7 | 51,0 | 49,1 jo0.3] ar | 07 | ar 47,1 | 40,7 | 37,3 
86, ab 7,0 | 4,8 | 4,0 ! 3,7 | 6,1 aa 24 2,0 
N’ | 10,8 | 13,2 | 15,8 | 18,5 | 14,0} 15,0 | 16,4 | 18,1 











a a a ements 


The joint phasing of several adjacent subarrays of pyramidal phased arrays is 
expedient to reduce the drop in the gain in the region of the boundaries of 
adjacent sectors. Thus, for a pyramidal phased array where M = 4, the joint 
phasing of two subarrays in a range of + 20 to + 25° from the boundaries of 
adjacent sectors leads to a drop in the | gain from 4.8 down to 1.0 to 1.5 dB. In 
this case, the considerable spacing between the centers of the subarrays leads 
to the appearance of additional diffraction lobes, having a level of -10 to -13 
dB. 


Pyramidal phased arrays are the simplest in terms of structural design among 
phased arrays with hemispherical scanning, but have considerable fluctuations 
in gain within the hemisphere. 
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Figure 7.13. A strip structure of a Figure 7.14. An icosahedral structure 


a 


polyhedral phased antenna for a polyhedral phased 
array. _ antenna array. 


It is expedient to use quasiconformal phased arrays in the form of polyhedra 
inscribed in a sphere, where the polyhedra have a large number of almost iden- 
tical faces (20 to 400), on which identical planar subarrays are arranged, to 
reduce fluctuations in the gain within the scan sector. The subarrays can be 
realized in the form of strip (Figure 7.13) or icosahedral structures (Figure 
7.14). The number of radiators in one subarray (10 to 100) is governed by the 
requisite overall number of radiators in the phased array, N, the minimum 
permissible number of subarrays, Neyp, and the operational convenience of the 
system. 


When Noup * 107, estimates of the main structural design and radio engineering 
parameters of a quasiconformal polyhedral phased array can be derived just as 
for a spherical phased array (see § 3.4). However, breaking the radiating 
system down into subarrays and the polyhedral shape of the radiating surface 
cause a certain change in the parameters, primarily in the gain and the direc- 
tional pattern. 


We shall use the number of subarrays No arranged about the periphery of a great 
circle. of the sphere as an independent parameter. When Ng > 10, the overall 
number of subarrays N,V» placed on the faces of a polyhedron inscribed in a 
spherical segment, bounded by the angles 0 < 0' < 1/2 + @, can be approximated 
by the expression: 


Nup& (1 -b-sit (Oo) ni/2s. (7.41) 


The overall number of subarrays in the case of strip and icosahedral structures 
of a polyhedron is shown in the graphs of Figure 7.15. 


Since when ng > 10, the faces cannot be the same, while it is expedient to 
standardize the form and dimensions of the subarrays, the entire area of the 
faces cannot be utilized. The losses in area lead to gain losses of: 


AGg [4B] = 10 log (NcS_/Sgpp) AG [AB] ~= 10 le (Ne Se/ Sep) (7.42) 
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where S, is the area of one subarray; Ssph is the truncated area of the sphere, 


circumscribed around the polyhedron. 


F10" 





70 JO 40 


Figure 7.15. N, as a function ot ng 
(the solid curves are for 
an icosahedral structure; 
the dashed curves are for 
a strip structure). 


0 No 


The gain losses AGj,,, for strip and 
icosahedral structures of a polyhedral 
phased array fall off with an increase 
in no; when ng = 10--102, AGg = -1.5 to 
-0.5 dB. 


The control of the phase distribution and 
the metion of the radiating region in 
quasiconformal polyhedral phased arrays 
have some special features. 


1. The steering of the radiating region 
is accomplished by turning not individual 
radiators on and off, but rather entire 
subarrays; since 10 to 100 subarrays are 
incorporated in the radiating region 
(sometimes less than 10), this causes 
jumps in the gain, which fall off with 
an increase in no; when ng = 10-~102 

and @ = 45--60°, the jumps in the gain 
when switching the subarrays amount to 
from 2 to 0.1 dB; when Ny > 30, they do 
not exceed 0.5 dB. 


2. Multistage phase control is usually employed in polyhedral phased arrays: 


a special computer specifies the phase distribution relative to the centers of 
the subarrays included in the radiating region (see (7.29)); each planar sub- 
array is focused by conventional means in the common direction (Qmain> $¢main): 


The calculation of the directional pattern, the gain and the overall structural 
design parameters can be carried out just as in the case of spherical phased 
arrays, while the design calculations for each subarray (structure, excitation, 


matching, phasing) can be performed in accordance with the procedure used for 
planar phased arrays. 
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8. BEAM STEERING SYSTEMS FOR PHASED ANTENNA ARRAYS 
8.1. Phased Antenna Array Control Problems. 


Various electronically controlled radiofrequency devices are used for control 
of the phase distribution of phased antenna array: phase shifters, switchers, 
splitters and attenuators. Phase shifters are used in modern phased arrays in 
which the phase shift can be varied discretely: in quantum steps, where the 
number of quanta is equal to 2%, v = 3, 4, 5, while the quantum step is A = 
360° + 27-Y, i.e., 45°, 22°30', 11°15' respectively. 


The phase shifting’elements in phase shifters can be ferrites and semiconductor 
devices, in particular, PIN diodes. The structural design of the phase shifters 
also differs correspondingly. The operation of phase shifting elements is 
assured by actuating amplifiers, which are an integral part of the phase chif- 
ters. The control signal is fed to the input of the actuating amplifiers from 
the phase shifter control unit. 


Phase shifters also have such a configuration of the phase shifting elements 
that the number of its inputs is equal to the digit capacity (v) of the phase 
shifter. A binary quantized signal is fed to each input. Consequently, a 
v-place parallel binary code is fed to the phase shifter. 


High frequency switchers provide for the connection of the input RF channel to 
one of the two output channels in accordance with the binary control signal 
which is fed in. Consequently, the signal controlling the switcher is a single 
place binary code. 


Attenuators are RF devices, the gain or the attenuation of which depends on the 
control signal level. This control signal can be either continuous (analog) or 
quantized. 


The problems of beam steering in phased antenna arrays can be treated the most 
completely using the example of a circular scan receiving phased array, for 

= which a generalized structural configuration of the control system is shown 
in Figure 8.1. To provide electronic scanning in a wide scan sector (for exam- 
ple, in the hemisphere above a ground surface), it is necessary to employ 
phased arrays with a convex structure, for example, a spherical configuration. 


The receiving elements and phase shifters are combined in subarrays, most fre- 
quently planar arrays. The number of phased array elements can run up to 10 
and more and the number of subarrays can reach several hundreds. The combining 
of the components in subarrays is necessary to reduce the number of input 
channels of the switcher and simplify its design. Moreover, the packing of the 
spherical surface with planar subarrays makes it possible to use the very 
simplest row and column algorithms and control devices. 


Only the working region of a phased array surface participates in generating a 
: directional pattern in a specified direction. The smaller the number of sub- 
arrays incorporated in the working region, the fewer the possibilities for 
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adaptation: spatial filtering of interference. The greater the number of sub- 

arrays incorporated in the working region, the more complicated the switcher is. 
Taking these contradictory requirements into account, the number of subarrays in 
the working region can fluctuate in a wide range (5 to 50). 


The number of possible working zones is limited to several tens (depending on the 
structural design of the phased array). Each working zone provides for scanning 
in a definite sector of space, usually not exceeding + 15 to + 30° from the 
center direction. 


The switcher serves to connect the subarrays participating in the formation of 
the working zone to the subsequent processing channels. The number of RF inputs 
to the switcher is equal to the total number of subarrays on the surface of the 
phased antenna array, while the number of outputs is equal to the number of sub- 
arrays included in the working zone. The switcher consists of a set of RF 
switches, connected in accordance with a truth table and controlled by signals 
generated in the switcher control unit (BUK). 


RA PT OT ene | The phasing direction code (direction 
| tI Antenna} cosines of the main lobe of the direc- 
| tional pattern) is fed to the input of 
the phase shifter controller (BUF) from 
‘a Ez dI the central computer. The codes which 
ae 
| 
| 


are fed to the phase shifters are gene- 
(4) | aaa} 8) | 
Ly ee 








rated in accordance with this code. For 










this reason, it is most expedient to 


| 
(5) | Aduniser Adapter || design the phase shifter controllers in 
| PRMTLTER BROAD 
| T | Tj: _I the form of a special digital computer. 
(6) ! NOHBRMNYMCEEMG O2I4 (Y The phase shifter controller is the most 
| eee cae eee P 
| oe complex and most important assembly of 
(7) ZAR t— 49 HT Bp, the beam steering system (SU) and will 
.——-From computer To receiver be treated in more detail in subsequent 
sections. 


Figure 8.1. Structural configuration of 


eceiving phased antenna 
a SERERV ENG P Modern circular scan phased arrays take 


meray: the form of extremely large and complex 
Key: 1. Beam steering system; structures. These structures undergo 
2. Phase shifter controller; deformations, both elastic and irrever- 
3. Automatic tuning unit; sible when exposed to external factors 
4. Switcher control unit; (temperature changes, wind, rain, snow, 
5. Adaptation control unit; etc.). As a result, the position of the 
6. Monopulse signal pro~ direction of the main lobe of the direc- 
' cessing controller; tional pattern in space changes. If the 
7. Automatic monitor; errors caused by these deformations ex- 
8. Switcher; ceed the specified aiming precision, it 
9. Monopulse unit. becomes necessary to have tuning and 


automatic fine tuning. Information on 
the phased array geometry, external factors, true coordinates of the targets or 
aiming points, based on which the tuning is accomplished, is fed to the input of 
the automatic tuning unit (BAN). The correction signals generated by the auto- 
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matic tuning unit are fed to the phase shifter controller, eliminating or reducing 
the phase distribution errors. 


Te) 


72:13 1% 21 22 23 24 ni RENE AG 
ot at 1382500 nS 14 04 ng 


. eg oe eee 
’ a ri a 


Figure 8.2. The principle of monopulse signal processing. 


Modern radar is unthinkable without interference filtering (natural and artific- 
jal). Spatial filtration is also used along with frequency and time filtration. 
Any directional antenna realizes spatial filtration. However, even with spatial 
filtering of interference from different directions, falling on the sidelobes of 
the directional pattern, reception is disrupted if the interference power is 
much greater than the power of the useful received signal. ; 


Adaptation systems have been developed to attenuate tne impact of interference in 
modern phased arrays. The amplitude-phase distribution on the surface of a phased 
array is changed in such a manner as a consequence of adaptation that reception is 
substantially attenuated from interference source directions, retaining in this 
case a sufficient level of the useful received signal in the direction of the 

main lobe of the directional pattern. As a result of adaptation, "nulls" or 
"dips" are formed in the directional pattern in the directions of the interference. 


Adaptation is all the more effective, the more the paraeters of the amplitude- 
phase distribution change and the greater the number of channels in the adapta- 
tion system. Usually, the gains and phase shift (amplitude-phase adaptation) or 
only the phase shift (phase adaptation) change in each channel during adaptation. 
In the case of amplitude-phase adaptation, each channel is split into two 
quadrature channels (with a phase shift of 1/2), and a controlled attenuator with 
a gain which varies from -1 to +1 is inserted in each subchannel. Thus, the 
amplitude can be varied from 0 to Y2 and the phase varied from 0 to 27. In the 
case of phase adaptation, a controlled phase shifter is used in each channel. 


The adaptation controller (BUA) generates control signals for the attenuators and 
phase shifters. The algorithms in accordance with which these control signals 
are generated depend on the presence and completeness of the data on the inter- 
ference sources, as well as on the choice of the adaptation quality indicator. 


In the case of a multichannel antenna and monopulse signal processing, it becomes 
possible to simultaneously generate four directional patterns, which are shifted 
in pairs by approximately half of the 0.5 power level directional pattern width. 


For this, four splitting phase shifters each are installed in each channel, as 
shown in Figure 8.2. The phase shifts in these phase shifters must be changed 
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when the direction of phasing changes within one working zone and when changing 
the working zones. Consequently, the splitting phase shifters are controllable, 
and a monopulse signal processing control unit (BUM) is provided to control them. 


An automatic monitor unit (BAK) for both the operability of the control system 
itself and the antenna complex as a whole is included in the phased array control 
system in addition to the units enumerated above (phase shifter controller, auto- 
matic tuning unit, switcher control unit, adaptation controller and monopulse 
signal processing controller). It should be noted that the monitoring of the 
operational status of the phased array requires a clear cut definition of entire 
antenna failure. Experiments show that the failure of up to 10% of all of the 
elements does not lead to the failure of the entire antenna. In this case, the 
shape of the directional pattern changes somewhat, but the antenna remains 
operable. 


The structural configuration of a phased array described here, of course, is not 
the only one. The control system is somewhat simpler in transmitting phase 
arrays: there is no adaptation control unit, no monopulse processing, there 
can be many fewer modules and the switcher can be altogether absent or substan- 
tially simplified. The control system for a phased array with a small scan 
sector is simplified a great deal, when one can use an antenna with a planar 
configuration. 


8.2. Control Algorithms for Phase Shifters. 


The major task of controlling phase shifters is the generation of a plane phase 
front, perpendicular to the specified phasing direction. 


The phasing direction is a unit vector ty» having coordinates of Ex, Ey, and 
Ezm» Wrich are direction cosines. The phasing direction can also be specified 
by two angles © and $, however, the algorithms for computing the control codes 
prove to be considerably more complicated in this case. 


We shall consider the i-th radiating element with phase center coordinates of 
Ry (xyz, yy, 24). In order to produce a plane wave front, perpendicular to Ym and 
passing through the origin, it is necessary to compensate for the spatial phase 
change at a distance of dy with the phase shifter (Figure 8.3). This distance is 
determined by the scalar product: 

dj=:(Ritm) =%18xm d¥ibym-| z1brm- (8.1) 
For a specified wavelength 4, at this distance the phase change (in radians) is 
defined as follows: 

2 


an 1% 
My; re dj= ZL (ti xm by Evm 1-27 Ezm). (8.2) 


The phase change can contain a definite number of whole periods and an additional 
phase shift $;: 
Dy, = 21K |-O,, 


(8.3) 
where k is an integer. 
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Since a phase shift of 2nk does not have any influence when combining harmonics, 
the phase shifter should compensate for the phase shift of %;, determined from 
(8.2): 


¢ xi Yi 21 
d= 20{ 4 Exm+ cs Eym-1- a tem} (B.4) 
where {+}np is the operation of isolating the fractional part of the number. 


As has already been noted, phase shifters 
with a quantum step of A + 27 ° 27 rad 
are used at the present time for control- 
ling the beam of phased arrays. The 
value of the quantized phase shift is 
found by quantizing %;, i.e., by per- 
forming a nonlinear transformation, 
defined by the graphs shown in Figure 
8.4 for v = 2. In these graphs, the 
phase shifts are plotted on the ordi- 
nate, where these shifts can be produced 
Figure 8.3. On the determination of the by the phase shifter, while the conti- 
spatial phase change. nuous value of 6; is plotted along the 





Oy uh 





mol aS 
a (aq Qn Oy 





Figure 8.4. Rounding off to the least (a) and to the nearest (b) 
value. 


abscissa. The quantization operation is essentially one of rounding-off: in 
Figure 8.4a, in the direction of the least, and in Figure 8.4b, in the direction 
of the nearest permitted (quantized) value. A definite binary v-digit code, 

Nis corresponds to each permitted value of the phase shift. It is convenient, 
and so it is usually done, for this code to numerically determine the number of 
quanta included in 6; qu or to determine a quantity proportional to this number. 


To determine the control code when rounding-off in the direction of the least 
value of n;, the phase shift ¢; is not to be expressed in radians, but rather in 
quanta by working from the fact that 2m radians correspond to 2Y quanta, and 
after this, the lower order digits following the decimal point are rejected, i.c., 
the integer part of the following number is singled out: 


21 


fe ow) i fov [Aig Ht vee } 1 
n= {. 2 }~{2 {5 Exm-| 1 Eym4t a Ezm Nahe (8.5) 


where Cy is the isolation of the integer portion of the number. 
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If all of the numbers included in (8.5) are expressed in binary notation, then 
multiplying by 2% is simply shifting the number over by v places. This operation 
can be performed by a separation method, not feeding the integer part of 2%; /2n 
to the control inputs of the phase shifter, but rather the v high order digits 

of the number ¢;/27. Then the algorithm for computing the code for the i-th 
phase shifter can be written inthe following manner: 


(8.6) 
ny=si—[sihi—] 83 [y4 Le 
where: 


Si v2 Xj bam t-Yt Eym 4-21 bzmi (8.7) 


X; = x4/)5 yrosy /d$ and Zi = z;/h are the coordinates expressed in wavelengths; 
[-] are the digits to the left of the decimal point, beginning with the first; 
l-{y¢1 are the digits to the right of the decimal point, starting with v + 1. 


Thus, to calculate the control code for a v-place capacity phase shifter, it is 
necessary to perform three multiplication and two addition (8.7) operations, 
after which the v digits to the right of the decimal point are isolated. Element 
coordinates are stored in a read only memory; the codes for the direction cosines 
are fed to the input of the beam control system. 





WAY 
Zz ‘ \ v 
VAAAM 
/Ay 2 ‘ ‘ \ \ ‘ 
Vea. 
a7 xX’ 
A 
>| 
a g 
e ON 
Figure 8.5. A planar orthogonal phased Figure 8.6. On the beam steering of 
antenna array. a modular phased array. | 


When rounding off to the nearest side, as can. be seen from Figure 8.4b, prior 

to rounding off it is necessary to add 27 (vtl) to the number s;, which corresponds 
to adding half of a quantum step to %;. Adding 27 (vt1) corresponds to feeding 

a carry to the (v + 1)th digit following the decimal point after finishing the 
computation of the unit place. 


The algorithm (8.6), (8.7) provides for calculating the code for any phase 
shifter and is therefore applicable to any phased array design, however, its 
realization requires either that an individual computer (and then the speed of 
the control system will be a maximum) be installed at each phase shifter, or 
that the phase codes be computed sequentially for a group of phase shifters. 
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In the latter case, it is necessary to prcvide a switcher which connects the 
computer sequentially to the requisite elements. The control circuitry can 
be simplified in the special of a planar phased array with an equally spaced 
configuration of the elements. 


As can be seen from Figure 8.5, each element has its own column and row number, 
a,j- The coordinates of an element are xx] = kAX, Yy7 = lAy and 2,4 = Q. 
Consequently, algorithm (8.7) reduces to the form: 


Sri -KAxExm | IAW Ey: hex} fry. (8.8) 


This is the so-called row and column control algorithm. It is necessary to 
compute the phase changes for the array step along the x and y axes to realize 
this algorithm: e, = AxE,,, and ey = Ay—__., after which, by using expression 
(8.8), the total phase shift s,7 1s computed, and finally, the quantization is 
performed in accordance with (8.6). 


The calculation of ke, and ley can be simplified if one considers that k and 1 
are integers. Thus, if k, 1 = 2, 4, 8, 16, etc., then multiplication is accom- 
plished by simply shifting by one, two and three places respectively. Multipli- 
cation by 3, 5, 6, ... reduces to the addition of the two numbers already 
obtained for the corresponding cells (2+1=3, 4+1=5, 4 +2 = 6, etc.). 

In a similar manner, multiplication by other integers can also be realized, for 
example, 7=6+1=4+2+1, 11=8+2+ 1. 


If the working zone of an antenna consists of several planar modules, then the 
phasing is accomplished in a single system of coordinates. In this case, the 
reference phase sq is calculated for each module, which is determined by the 
spatial phase change of the i-th module (d;) relative to the phase at the origin 
of the central system of coordinates XYZ, as shown in Figure 8.6. The phase 
change in accordance with an expression similar to (8.8), but which takes into 
account the position and orientation of the module, is added to this reference 
phase. 


Thus: 


Sht-~ Soo [ke ye | ley, (8 9) 
The further generation of the control code is carried out in accordance with 
(8.6). 


To calculate the phase changes for the array step €,' and e,: , it is necessary 
to determine the spatial phase changes in a single system of coordinates for 
two points on the X' axis ard two points on the Y' axis (for example, for the 
points 0, 1 and 2 in Figure 8.6), and then to determine the difference in the 


phase changes: Bye Sta Sank Xo bem | Gum | Z19 Erne-— (Xoo Sx “| Hoo Eym | 22m) ** 


Ax’ Exmel Ag’ Eym | Az’ Em, 
by Ax" Bxm {Ag Eym | A2" bent 
Ax! = Xya-~ Xan Ax" -Xgy-> Xon, (8.10) 
Ay’ th - Yan Ag’ tar Yous 
Az’ 249 200 Az". Zay- Zon 


- 174 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


X90> Yoo and Zgg are the coordinates of the point O's x10Q> Y109 and 219 are the 
coordinates of point 1; X91» You and Zo, are the coordinates of point 2 in 
Figure 8.6: 


Sua Xoo Eym-|-Zo0 Ey (8 11) 


Row and column algorithms are applicable in the case of equally spaced modules 
in a planar phased array. However, to reduce the directional pattern sidelobes, 
it is expedient to introduced random components into the configuration of the 
modules, In this case, the application of row and column algorithms proves to 
be impossible in the general case. A quasirandom arrangement of the modules 

at the nodes of a rather thick equally spaced array is sometimes used, the 
majority of the nodes of which remain unfilled. Individual control with the 
calculation of the code independently for each cell remains a universal approach. 


8.3. Algorithms for Generating Directional Patterns of Special Shapes. 


When generating a directional pattern of a special shape (cosiecant, beavertail 
pattern, etc.), the wave front in the direction of the radiation differs from 

a plane front. A small deviation from a plane front is achieved by changing the 
geometry of conventional parabolic antennas, for example, using special cosecant 
hoods. 


The requisite deviations from a plane front can be realized in phased arrays by 
feeding the appropriate control codes to the phase shifters. This makes it 
possible to change the shape of the directional pattern during operation by 
electronic means. 


The shape of the directional is specified relative to the direction of radiation 
by a functional relationship in the vertical and horizontal planes. For this 
reason, the deviation in the phase distribution is specified relative to a plane 
front, perpendicular to the phasing direction in the x', y' coordinates. The 
OY' and 0Z' coordinate axes and the phasing direction vector, rm, fall in one 
plane, and the OX' axis os perpendicular to OY' (Figure 8.7). 


It can be shown that the unit vectors of the new system of system of coordinates 
(i, j, k) are expressed in terms of the unit vectors of the main system of coordi- 
nates and the phasing vector rm: 


k’ stm - am: JEym-| kKEam, 








ij ok 
0 0 0 
Ra PE Bm Bom TB | iBym 
rik’) | i [kk] | Vein | Bim (8.12) 
~ TBs Gem-- JEym Ezm-|-k (Exim bE) 
i. [kk!) 


a oa eae . 
Vy bes |; Gane 


where [A B] is the vector product of the vectors A and B. 
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Vets I Em " 
(8.13) 


The additional phase shift, which changes the direction of the directional pattern 
beam, is given in general form by the function: 


® oad = ® saat"? y') = Done -Pyon(e', y’)- | (8.14) 


Consequently, the phase shift calcula- 
tion algorithm for the i-th cell consists 
of the following operation: 1) The cal- 
culation of the phase shift to produce 

a plane front in accordance with (8.7); 
2) The determination of the new coordi- 
nates of the cell in accordance with 
(8.13); 3) The calculation of the addi- 
tional phase shift for the i-th cell in 
accordance with (8.14); 4) The determina- 
tion of the overall phase shift for the 
i-th cell: 





Figure 8.7. Rotation of the system of 
coordinates. sf = 1-4-1 pom (8.15) 


and 5) The determination of the code generated for the control of the i-th phase 
shifter, in accordance with (8.6). 


The algorith for generating directional patterns of a special shape includes 
extremely complex expressions for coordinate transformation (8.13), functional 
transformation (8.14), supplemental addition (8.15), and moreover, there remain all 
of the procedures for calculating the plane front (8.6) and (8.7). 


Different ways of simplifying the computational algorithm are possible by means of 
approximating the requisite phase distribution. Thus, with a modular configuration 
of a phased array, one can calculate the supplemental phase angles only for the 
reference phase of the modules, defined by relationship (8.11). In this case, the 
phase distribution in the antenna aperture is of a piecewise plane-parallel nature: 
each module produces a plane front, perpendicular to the direction of radiation, 
while there are phase jumps between these plane sections, which also produce the 
total approximation of the phase distribution. , 
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2 The phase distributions can be more precisely approximated by the plane sections 

z if these sections are not made mutually parallel, but tangential to the requisite 
phase distribution. In this case, it is necessary to calculate the column for each 
module using the complex algorithm of (8.13). 


8.4, Switcher Control Algorithms 


A switcher serves to generate the working area from the set of subarrays. The 
output channels of the switcher are connected to the subarrays of the working zone 
in a strictly defined order, for example, the first channel to the center subarray, 
the second to the next one up, etc. A possible variant for the generation of the 
working area from seven subarrays is shown in Figure 8.8. When the phasing direc- 
tion is changed and the working area is changed, the same subarray can appear in a 
different place in the working zone. Thus, when producing the working area, which 
is shown with the dashed line, the subarray which was designated with the number 7, 
is now designated number 7. This same subarray can appear in any other location 

in the working zone. Consequently, the switcher should provide for the capability 
of connecting each antenna subarray to any output of the switcher. 


If the number of input channels (number of antenna 
subarrays) is N, while the number of subarrays 
including the working zone M, then the number of 
switches is: 





Ss, 7 M log,N (8.16) 
\O O/ 
eee a ey A single digit control code (0 or 1) is fed to each 
switch. Consequently, the control unit for the 
¥ Figure 8.8. Shifting the - switcher has Sp, outputs. The direction code (of 
working zone. the direction cosines of the vector rm) is fed to 


the input of this device. The operational algorithm 

for the control device for the switcher is broken 
down into two parts: the determination of the number of the working area which will 
generate the directional pattern in the requisite directicn, and the generation of 
the control signals for the switches of the switcher. The first task is handled by 
a decoder and the second by an encoder. 


Each working zone provides for scanning space in a rather narrow sector of +15 to 
+20° relative to the central direction of the given working zone. When the target 
leaves this sector, the next working zone is switched on. For this reason, the 
task of selecting the working zone consists in determining whether the specified 
direction belongs to the scan sector of a working zone. This task is simplest to 
solve by determing the angle between the central direction of the working zone and 
the specified:‘phasing direction. 


That working zone is selected for which this angle is the least. To curtail the 
calculations, one can determine the cosine of this angle and select that working 
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Figure 8.9. Priority coupling configuration. 


zone for which this cosine isthe greatest. The calculation of the cosine of an 
angle is the determination of the scalar product of two unit vectors: 


cos v=(f'm fu) =Exm fxn Eym Syn-t Exm Een, (8.17) 


where v is the angle between the phasing direction and the central direction of 


the working zone; r(Ex , by , Ez ) is the unit vector of the center direction of 
the working zone. 


The coordinates of the working zone center in spherical antennas are proportional 
to the direction cosines of the center direction of the working zone: 


Ry (Xqo Yue 2u) = Rta (Exa» Ey En): (8.18) 


For this reason, (8.17) may not be computed, but the quantites sy determined by 
(8.7) compared in calculating the reference phase of a module. 


The algorttims for selecting the greatest from a set of values can differ. The 
simplest is a sequential elimination of the least values, however, it requires the 
performance of hundreds (based on the number of working areas) of sequential compar- 
isons, and for this reason, it is the worst in terms of operational speed. Since 
the function (8.17) is monotonic with respect to v, there is no need to compare 
the value of this function for a given working zone with the values for all other 
zones; it is sufficient to compare it with the nearest zones on the surface of the 
phased array. That working zone is selected for which the value of cos v is the 
greatest as compared to the nearest one, but not with all of them. 


It can be seen from Figure 8.8 that the nearest working zones can number no more 
than six. Consequently, the choice of the working zone is made by an AND gate with 
six inputs. When the value of cos(v) is equal for two or even three working zones, 


- 178 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


it is necessary to give priority to a particular circuit. A schematic showing 
priority based on a given direction (axial priority) is shown as an example in 
Figure 8.9. Each arrow in this figure is a priority comparison gate, the opera- 
tional principle of which is shown in Figure 8.9b. When cos(v) is equal for the 
right and left working zones, a "1" will be fed to AND gate of the right side 
working zone; this zone enjoys the priority in this case. 


Thus, the switcher control unit consists of two units: a decoder and an encoder. 
The phasing direction code is fed to the decoder input. A "1" signal appears at 
one of the Ny,z, outputs of the decoder, which corresponds to the selected working 
zone, while a "zero" appears at the remaining ones (Nw.z. is the number of working 
zones, which can be less than the number of subarrays, since not every subarray 
can be the center of a working zone. 


The encoder has Ny,z, inputs and Sp outputs (Sp, is the number of binary switches 
in the RF switcher). When a "1" is fed to one of the encoder inputs, a S-digit 
code is produced at its output, which provides for the connection of the requisite 
subarrays into a working zone in accordance with the truth table. 


For convex phased arrays, the truth table is drawn up manually. This is explained 
by the fact that convex surfaces (sphere, ellipsoid of rotation, etc.) cannot be 
packed regularly with a rather large number of points. It is known from geometry 
that no more than 12 points (an icosahedron) can be regularly arranged [equi- 
distantly spaced] on a complete sphere. For this reason, when packing a sphere with 
a large number of subarrays, it is impossible to provide for an identical conf igur- 
ation of the working zones and to define a single phasing algorithm. This leads to 
the necessity of composing the truth table for the switcher manually. 


The circuit configuration for encoders are determined by the component base and 
are described in the considerable literature on digital device design. 


8.5. Adaptation Control Algorithms 


Phased array adaptation is the generation of such a directional pattern that ar 
improvement is assured in the quality indicators for antenna functioning. Optimal 
adaptation provides for the extremum of the generalized quality indicator. 


Adaptation of receiving phased arrays is accomplished for the spatial filtering 

of interference, i.e., to suppress the gain in the directions of incoming inter- 
ference while retaining adequate gain in the requisite direction. In this case, 
the quality indicator is either the signal power to noise power ratio at the 
output of the phased array, or the mean square error between the requisite and 
actual output signals. Adaptation is realized by changing the complex frequency 
response in the channels of the modules included in the working zone. Each channel 
is split into two: a phase shift of 1/2 is realized in one of the subchannels; an 
electronically controlled amplifier or attenuator is inserted in each subchannel. 
The signals in all the channels are then added. Thus, the output signal: 


uy Mera X7WeWTX, 
t 


- 179 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 
FOR OFFICIAL USE ONLY 


where X = [xz] is the column vector of the signals; W = [wz] is the column vectcr 
of the weighting coefficients; WI and XT are transposed vectors. 


If the requisite signal is yo, then the mean square error is defined by the 
expression: 


y= Woe? iP —Joue| oa v= WXXT—2W" Xoo gs (8.19) 


where (-) is averaging with respect to time. The product xxT is the square 
matrix for the interchannel cross-correlation coefficients Ry = [xqx,], while 
Xyg = Xx is the correlation vector between the input signals and the requisite 
output signal.: Taking this into account, expression (8.19) can be written as 
follows: 


€2 (a2 WT Rex W—2W" Si 9g. (8.20) 


The optimal value of the vector for the coefficients Ww correspond to the minimal 
mean square error e“(t)min- Any variation yU 


We W*-[- pu (8.21) 


for an arbitrary vector U and a small coefficient of variation increases the 
mean square error. By substituting (8.21) in (8.20), we obtain the function - 
o2(y). This function is minimal when yp = 0. Consequently, the following equation 
is observed (the extremum condition) : 

O82 (yn) 

OW peo 


raf), 


(8.22) 





ul 
g) (b) , (c) y 


Figure 8.10. Multichannel adaptation. 


By substituting (8.21) in (8.20), (8.24) can be written in the following form: 


ads (yt) + QUT (Ra W* Soy pene 
| m (8.23) 
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Since U is an arbitrary vector, then (8.23) can be satisfied only when the 
expression in parentheses is equal to zero, i.e., when RyW* = Sxyg: The vector 
of the optimal coefficient is also determined: from this equation: 


W*. RZ! Syy,- Rat Xie. (8.24) 


This is the equation for optimal Wiener multichannel filtration. 


We determine the requisite output signal by the transform Wo on the useful output 
signal Xo, so that: 


» XaWo Wo Xo. (8.25) 


By virtue of this, expression (8.24) is reduced to the form: 


W* ROE X (Xp Wo) =Rz Rye, Wo- (8 .26) 


In particular, if the input signal contains the expected signal Xo and interference 
Xz, then: 


il aE Xo Rx, Xu ER et Rx, xy) (Rx. xe Rx, Xn Wo: (8.27) 
When the signal Xo and the interference Xq are independent: 


Wt (Ry, x, 1 Rx x.) Rx, x, Wo. (8.28) 


UO 
It is completely obvious in the absence of interference: 
We Rt y, Rx, x, Wore Wo (8.29) 


and those coefficients Wo are established in system for which y = yo and there is 
no error. 


One of the most widespread adaptation control circuit configurations is shown in 
Figure 8.10, where the control circuitry for a module and for the argument of the 
complex frequency response wz is shown (Figure 8.10a), as well as its schematic 
representation (Figure 8.10b). In the case of a linear control characteristic for 
the weighting coefficients: 


WwW. = au (8.30) 


The behavior of the system depicted in Figure 8.10c is described by the expres- 
sions: 


N 
a =he,, e¢= exis e-= Y — Yor Y= awn nits (8.31) 
m 
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Eliminating all of the intermediate variables from these expressions and taking 
into account the averaging narrow band response of the control system, we obtain 
the system of equations: 


dwn —_—_— —_— ‘ ‘ 
2 SB = at (Lame), watt (8.32) 


We write this equation as follows in vector form: 


dw 
“7 AR (Rxx W—Syy,) — ak (Rax W— Xue). (8.33) 


It follows from (8.33) that in the steady-state mode, the weighting coefficients 
are: 


W = Wyct= Rxd XYo. (8.34) 


In this case, as can be seen from a cémparison with (8.24), the mean square error 
e2(t) i8 minimal and the entire system provides for optimal Wiener filtration. | 


The adaptation circuit described here was proposed for the first time by Widrow. 
The main drawback to this configuration is the necessity of apriori knowledge of 
the form of the useful (requisite) signal yg. However, if it is knonw, then 
adaptation is not necessary. 


In the case of signals which are weak relative to the noise, the useful signal 
power can be disregarded (yg = 0). In this case, adaptation is realized, however, 
in accordance with (8.34) all of the channels are blocked, W + 0 and the antenna 
ceases to respond not only to the interfence, but also to any other signals. 


Various methods have been proposed for eliminating this deficiency. One of the 
techniques is dual mode adaptation. In the first mode, it is assumed that the 
useful signal is absent and that the interference is suppressed (along with the 
useful signal, if it is present!). In the second mode, the inputs of all of the 
channels are switched to a useful signal simulator for XQ. In this case, the 
known output signal yo for the input signal being simulated is fed to the control 
circuit. 


If prior to the start of the first mode, the coefficient vector is designated as 


W([n], then by the end of the first mode of duration 7), we obtain the increment of 
the coefficients in a first approximation determined from (8.33) when yo = 0: 


AW eee = —akt, Rxx W ia}, n=1,2, Sn (8 35) 


Ww {a} 
Yo ==0 
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Similarly, when RxX = RXQXg we determine from (8.33) the increment of the coef- 
ficient vector during the second mode which is of duration T): 


"Cy dw — 
AW la) = dt |Win) ~ —akta (Rx, x, W [2] — Xo yo)- 
Rx Xe 
e 





(8 .36) 


Thus, by the start of the next first mode, the coefficient vector W[ntl] is 
determined from (8.35) and (8.36) by the recurrent equation: 


W [n-+ 1] =W [n] —ak {(t Rxxtta Ry, x,) W [1] —ts Xo a) = 
=W [2] — ak {(T Rxx ta Rx, A) WwW [2] — Ts; Rx, Xe Wo}. 





(8. 36a) 


After completing the transition modes W[n+1] = W[n] = W{»] and using (8.36a), we 
find: 


W foo] = (t Ry tt Ry, x,)7! 2 Ry, x, Wo. (8.37) 


It follows from (8.37) that with an increase in the signal level, adaptation 
approaches optimal Wiener filtration when the interference and the useful signal 
are independent, and in the absence of interference (X, = 0), the adaptation 
system provides for the requisite directional pattern. 


Various circuits are possible which assure a compromise pattern between that needed 
without interference and the optimal one in the presence of interference. Some of 
them are shown in Figure 8.11. 





Figure 8.11. Variants of adaptation 
circuits. 


Key: 1. FNCh = low pass filter. 
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The circuit configuration described here with mode switching is shown in Figure 
8.lla; open loop and closed loop single mode feed circuits for the desired distri- 
butions, wg, in the form of low frequency control signals are shown in Figures 
8,11b and 8.1llc. 


8.6. The Design of Beam Steering Systems for a Specified Precision of the 
Directional Pattern Orientation in Space 


For the correct choice of the parameters for the beam steering system of a 

phased array it is necessary to analyze the errors produced by the control unit 
and their impact on the directional pattern. Some three types of control errors 
can be singled out according to the point of occurrence: input errors, computer 
errors and output quantization errors. In this case, the phase error element of a 
phased array can be represented by the expression: 


hi=pBim thie FB, (8.38) 


where jm is the phase distortion caused by the input errors; wir is the phase 
distortion caused by computational errors; uiA are the phase shifter quantization 
errors. 


If the input data in expression (8.1) are specified with errors of bRy = Ryori, 
étm, then the resulting error in the computations will be: 


Adj - (Ri Stim) | (RRG tm) iit | Rire (8.39) 


The quantity 
fim Rj; (; Srin) (8.40) 


is the function for each element of the error in the representation of the vector 
rm by a digital code, where the argument of this function, érm, which is common 
to all elements is determined only the direction of Im. 


The second component 


phir Ry (Om 4rj) (8 .41) 


> 
is determined by the errors in the digital code representation of the vector Rj. 
The quantity Sry differs for each element in the general case. 


The quantization error ej, is distributed over the set of elements uniformly in 
a range of +A/2, where A is the phase shifter quantum step. 


Thus, the phase distortion ejm is functionally distributed over the elements of 
the phased array. The quantities vir and ua in the case of a large number of 
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phased array elements not mutually correlated and are randomly distributed over 
the elements of the phased array. The mathematical expectations of the errors cir 
and ej, are equal to zero by virtue of the symmetry of the distribution of these 
quantities. 


The dispersion of these errors is: 
9 
Dir MByyh A Wil A [Wig] RZ QF/IZ ALL D, pp, (8.42) 


where qy = 2°Pr, PY is the number of digit places in the computer. 


In analyzing the impact of control errrors on the shifting of the directional 
pattern maximum with deviations in the phase direction Yr, from the axis of symmetry 
of a convex phased array through an angle of 0 < 15--20°, the vector for the dis- 
placement in the directional pattern maximum can be represented as the vector sum 
of two orthogonal components. 


It has been demonstrated that in a first approximation the position of a directional 
pattern maximum in space is defined by the normal to the plane of regression of the 
phase distribution. Taking this displacement of the directional pattern maximum 
into account, hy and hy are defined by the following ratios: 








N N 
StU Hie Iya) yi (tir kiya) (8.43) 
Ne : ——y Ny: < : a 
; w ss Xy? 
ond t 
= é 
N N 2 
n {Ms} - : DIE (Pr-| a.) & “1) asf [Ay] we Ch (Pr | Da); (8.44) 
i i . fs 
M [hy] --M [hy] ~ 0. (8.45) 


In a rectangular planar array of mxm cells, the displacements of thé direc- 
tional pattern maxima in the X0Z and YOZ planes are independent and are determined 
by the errors in the calculation of the phase change over an array step, x0, yO: 
and by the quantization errors of the cells, uy: 


m ma ar 
ly NY ON) kyunr/ axa S42 | polo; 
feos] fend keel 


(8.46) 


m 
D hsp Myixz | Majmxe YN) ke, 
hee J 


(8.47) 


where wo is the error in calculating the phase shift for one step of the planar 
array; U~, is the quantization error of the kl-th cell; kl are the numbers of the 
cells with respect to rows and columns. 
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The shift in the directional pattern maximum because of the functional error is 
defined similarly: 


ey N N N 

Xe lia 

Ix - ant vim | S87 Fue iui tom | Sa. (8.48) 
Sine the following condition is met for an axially symmetric phased array: 


N N 


a Xi ULF aa fe Y, : (8.49) 


Then expression (8.48) can be represented in the form: 


4, = 


Yoni 
a] / (8.50) 


aps 


Ay 
int Seale a 


1k (5a 
(2 


Atm i: Ox ars 


foes btm y . Ri ie | (> 
oe 1S ee oe XyXx 
x x? jan oe a J 


(8.51) 


where q, = 27P™; py is the number of digits which specify the components of a unit 
vector. 


An analysis of ‘the random quantities h, and hy shows that they have a two- 
dimensional gaussian distribution while the correlation coefficient between the 
quantities hy and hy is equal to zero, In this case, the scalar value of h = 

= Ving +. hg has a Rayleigh distribution. 


gp (A) = = a o(— sar) ' (8. 52) 


where = g?--a2--a2~ PD [hx] > |hyl. 
The distribution of the system of random quantities fy and fy is uniform in a 
range of: 


—ml2< fx <m/2, ~-4ml2 < Ty < m2; 
am VER fn FEV <V Gal4A EG) - gm VOI. (8.53) 
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Thus, the input errors determine the discrete positions of a phased array beam in 
space. Its displacement, which is caused by these errors, depends only on the 
number of digits in the code which specifies the direction cosines of the vector rp. 


Computational errors and output quantization errors lead to a random shifting of 
the beam from its discrete positions. The shift depends on the phased array 
geometry, the number of elements in the array, the word length of the computer and 
the word length of the phase shifters which are used. 


We shall consider the procedure for calculating the parameters of the control 
system computer by a phased array. Let the discrete step for beam steering, fax 


(radians) and the ultimate permissible steering error, hmax, be specified, where 
fmax > hmax- 


We determine the number of digits p, in the input code from expression (8.53): 


m Vi 12 < fax: (8.54) 


Considering the fact that qn = 2 ->™, we obtain: 


* ot (8.55 
Pw > — (logs finax--0,5). : 


We determine thw word step p, by means of relationships (8.42) or (8.44) given 
the condition: 


Nag > 09D [h] -:9Cy (Dr | Da). (8.56) 


For this, we express the permissible dispersion D;: 


Dp <M ay[9Ch-—- Mg- (8.57) 


For a known value of the quantum step of the phase shifter and a known phased 
array geometry, we find: 


We y y (8.58) 
« Gs er se x2 =: y?. © 
A 12 Cp ‘ ‘ ‘ t 
Taking (8.42) into account, we obtain: 
4 
imax 
wr ER es Ps) (8.59) 
whence: 
P, 2 —logs4,. (8.60) 
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The computation sequence established here makes it possible to determine the word 
length of the input data code and the word length of the computer based on the 
requisite discrete step and precision of phased array beam steering, given the 
coudition that the coordinates of the phased array elements and the phase shifter 
quantum step are specified. 


Sample Calculation. 1. The planar array mxm, m= 11, ‘xO = yo = 2m and A= 1/4 
is specified. The requisite discrete step for the beam is 1° and the beam steering 
precision is 10'. 


We express the angular quantities in radians: 


£ = 1.75 10 radi oh __ = 0.292 - 10°” rad. 
max max 


Substituting the value fmax in (8.47), we obtain: 


: p, 2 ~(log,1.75 - 107° + 0.5) = 55 [sic]. 


We choose pp, = 6 digits. 


We determine the square of the permissible beam deflection: 


nz (0.292 + 1072)? = 8.5 + 10°° rad’. 
max 


- The second term in equation (8.47) is: 


8 IPD 4ST =0,3410- tpn 
5 ¢ is 32 -[- 43 J. 52 v7. 
mag Spt HL (Qa)? 2 (1 4-2-4 32 -|- 43 4-5) 
mn 
The first term in equation (8.47) is: 
a. i si 
Pr - uni --Q. 34+ 10-822 55107" .0,34-10-8-=0,6-10-8 pane. 
x3 9 , 9 


We determine the computer word: 


p= x2 g?/12, D,p/x2 =pi/12=20,0-10-%, 
whence: * 
qi=7,2-10-8, gp=2 "FT =2,68-10-3. 


From the last expression, we have the following: 


-p_.logz = -3 + 0.43 = -2.57; Pak 2.57/0.3 = 8.6 
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We choose Py = 9 digits. 


2. A hemispherical array has a radius p; = 25° 2m, A = t/4 and Cj = 0.2 > 107", 
The digit capacity of the input code p, has already been determined. We substitute 


the initial data in equation (8.58): 


ec Seb HOTt (a4? 472-102 — 1,03: 10-2 =3,09- 10-2 pag?. 
rs 9 ,02-10-4 12 ; 


: We obtain the following from formula (8.59): 


fe | oes 
12-3, 09- 10-3 == 
25.27 V 157-102 


10-2 
6,09: 107" .3,87-10-3. 





nS 


From this we obtain i. 8 digits. 
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RADIATING ELEMENTS OF AN ANTENNA ARRAY SECTION IT 


9, PRINTED CIRCUIT ANTENNA 
9.1. The Function and Specific Features of Printed Circuit Antennas 


Printed circuit. antennas differ in their structural design from other types of 

microwave antennas. Not only radiators, but also transmission lines, r-tching 

elements, etc. can be made using the techniques of printed circuit technology. 

More than other antennas, these meet the requirement of miniaturization, one of 
the major requirements for aircraft equipment. This explains the increasingly 

widespread use of printed circuit antennas. 


We shall note the major advantages of printed circuit antennas: 
--Structural simplicity, small volume, weight and cost; 
~-Convenience in combining antennas with printed circuit feed lines and devices; 


--High fabrication precision, because of which good reproducibility of antenna 
characteristics is achieved; 


--The ability to design antenna structures for aircraft which protrude little or 
not at all, in particular, structural designs which do not change their strength 
characteristics. 


The drawbacks to printed circuit antennas include poor. electrical strength, the 
difficulty of designing tunable devices and measuring the parameters of printed 
circuit components. 


Printed circuit antennas are used in a frequency range of from 100 MHz to 30 GHz 
at low and moderate power levels. At very low frequencies, the size and weight 
of antennas which are comparable to the wavelength become quite considerable. At 
higher frequencies, these antennas have no advantages as compared to others. 
Printed circuit antennas are poorly directional and for this reason, they are 
used primarily as constituents of antenna arrays. 


9.2. The Major Types of Printed Circuit Antennas and Their Operational 
Principles , 


The major elements which form an antenna are the radiator (the antenna itself) 

and the excitation device. Printed circuit antennas correspondingly differ in 

the operational principle of the radiator and the manner of its excitation, as 
well as in the type of transmission line. Moreover, the radiation characteristics 
of the antennas and their structural parameters can also be distinctive 
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attributes. Primarily the first group of attributes is treated in this chapter. 
The radiation characteristics of the antennas are of the topic treated in this 
chapter. 


-Striplines are most frequently used as the transmission lines. As a rule, the 
type of striplines governs the structural design of the other antenna elements. 
In the low frequency portion of the band, the excitation is accomplished by means 
of coaxial lines. It is also possible to use a waveguide transmission line. 


Resonator type printed circuit radiators designed around asymmetrical striplines 
(see Chapter 2) also find widescale application. Another more traditional type 
( of printed circuit antenna is dipoles of various configurations and slots cut in 
the metal wall of a symmetrical type transmission stripline. Developmental modi- 
fications of these antennas are stripline spirals and curvilinear radiators. 


An example of a resonator printed circuit radiator is shown in Figure 9.1. This 
radiator is used most often [1, 2]. It consists of a rectangular strip conductor 
[1], placed on a thin dielectric layer (2) with a conducting substrate (3). The 
radiator is excited by a strip transmission line. This system is a flat lossy 
resonator filled with a dielectric for the transmission line, where the losses are 
due to radiation. The edges of the resonator form two radiating slots A and B, 
which are spaced 72 apart, approximately equal to Aqg/2, where Aq is the wave- 
length in the dielectric. At the edges of the resonator, the components of the 
field which are normal to the conducting substrate are out of phase. The field 
components parallel to the conducting substrate add together in phase and forma 
linearly polarized radiation field having a direction of maximum radiation along 
to the normal to the plane of the substrate. The dimension b of the radiator 
can differ. 


To obtain a rotating polarization field, two pairs of radiating slots are needed 
which are arranged perpendicular to each other and are excited with a phase shift 
of 90° each. For this, a square radiator is chosen which is excited at two points 
in the center of adjacent sides of a strip conductor. The excitation is realized 
most readily by a rectangular radiator with a single feed point, which is shown 

in Figure 9.2. Ome side of the strip conductor of the radiator is greater than 
Ag/2 by the amount A, while the other is smaller by the same amount, something 
which provides for the 90° phase shift for each. The quantity A is chosen experi- 
mentally. The radiator is excited by astripline. A possible excitation variant 
for this radiator is a coaxial line perpendicular to the conducting substrate. 

The center conductor of the coax line is connected to the strip conductor of the 
radiator. 


Other types are discrete radiators in the form of printed circuit dipoles and 
slots. The current in the strip conductor of the radiator serves as the radiation 
source in this case. Slot antennas, excited by a stripline, are a direct analog 
of slotted waveguide antennas. They are widely used as the radiating elements of 
scanning antennas arrays. With the appropriate excitation, one can use such 
radiators to design antenna systems which realize extremely arbitrary directional 
characteristics. ; 
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Figure 9.1. A printed circuit resonator Figure 9.2. A printed circuit resonator 
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Figure 9.3. Antenna excitation circuits. 


One of the methods of exciting radiating elements is excitation using a system of 
branched lines of the same electrical length. (Figure 9.3). If the excitation is 
realized using a line with a characteristic impedance p,, then with (\N branches 
having a characteristic impedance of po (Figure 9.3), the relationship p, = Noo is 
observed. With a large number of radiators, it is expedient to insert a trans- 
former ahead of each branch (Figure 9.3b). Such an excitation techniques is 
realized especially conveniently using striplines. 


In another approach, the traveling wave excites the radiating elements which are 
arranged along the transmission line. This technique is also realized quite well 
using strip transmission lines. A drawback to it is the great dependence on 
frequency. Other excitation methods are also possible, but they are used compara- 
tively rarely. 


Almost all of the elements of a feed line channel which are used for coaxial and 
waveguide transmission lines, as well as the feeder channel as a whole can be 
constructed in a printed circuit design. However, as a rule, only individual 
printed circuit assemblies are used in a feeder channel. For printed circuit 
antennas, coaxial or waveguide lines are most frequently used as the main feed 
line. Because of this, it becomes necessary to have elements for joining strip- 
lines to waveguide and coaxial lines. The major components of striplines, 
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including coaxial to’ Wir iphige and waveguide to stripline junctions, as well as 
stripline connectors and splitters, are described in [07, 014, 02]. 

ie 
9.3. The Major Characteristics and Design of Printed Circuit Resonator Antennas. 


We shall single out among antennas of this type the antenna which is shown in 
Figure 9.1 as the basic antenna. The linearly polarized field is produced by the 
radiation of two slots, which form the walls of the resonator, which represents a 
half-wave section of an asymmetrical stripline. Antennas of this type are usually 
employed as receiving antennas. 


It is assumed in the antenna design that the dimension h(Figure 9.1) satisfies the 
condition kh << 1, where k = 2nr/\, X is the working wavelength. It is also 

assumed that the field distribution in the radiating slot corresponds to a T mode 
field distribution in the cross-section of a regular stripline. In this way, the 
influence of higher modes on the radiation of the slot is neglected. 


These presuppositions make it possible to represent the radiating slot of a resona- 
tor as a linear radiator, similar to a narrow slot in a conducting shield 

Figure 9.4). Thus, the analysis of a resonator antenna reduces to the analysis of 
ordinary slot antennas. The field in the radiating slot ,of the antenna has the 

form E = xoEx, |x| < h/2, This field determines the magnetig current of an equiva- — 
lent linear radiator as Iy = Z92Ex, |z| < b/2, where xo and zg are unit vectors of 
the coordinate system of Figure 9.4. 


The Antenna Directional Pattern. The field of a linear magnetic radiator is known 

(for example, see 01). The electrical field of the radiator has components of 

Eg and Eg in the spherical system of coordinates of Figure 9.4. The antenna polari- 
zation is determined by the projection of the Eg component on the normal to the 

plane of the slots (the Y axis). Then for the indicated polarization, the direc- 
- tional pattern (DN) of the antenna. as a system of two equivalent linear radiators, 

which are excited in phase, has the form: 


i -1 
F (0,9) = Se Cl aie 8 cos (+ sin 0). (9.1) 


nbd! cos p 


The first two factors in expression 
(9.1) define the directional pattern 
of an equivalent linear radiator for 
the indicated polarization, while 

the last term is the directivity 
characteristic of a system of two 
identical radiators, spaced a distance 
< from each other. 





Figure 9.4. The coordinate system for the 
radiating slot of a printed 
circuit antenna. 
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permittivity « of a printed 
circuit antenna. 


‘The Antenna Input Admittance. The equivalent circuit of the antenna as a trans- 


mission load is shown in Figure 9.5. The two radiating slots of the antenna, 
having an input admittance of Y = G + jB are separated by a line section of length 
1 with a low characteristic impedance of pa. The input admittance of the antenna 
Yin is the result of combining the slot admittance at the antenna input (the 
terminals i-1') and of the slot which is transformed to the input through the line 
section 2 so that: 


(G-}-j8)+ jY, tg Bl (9.2) 


Vi se af 
Var OHIO TY ay Gio Ntefe 


in 


where 8 is the line propagation constant; Ya = 1-p,. 


The radiation conductance G is calculated by the method usually employed in ' 
slotted antenna theory. The conductance G is shown in Figure 9.6 as a function 
of b/Xk. For b/A > I, we have [2]: 


L 


G [Ohms -] = b/120) (9.3) 


The reactive component B of the slot admittance is due to its capacitance and is 
computed from the formula: 
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-1, | 
_ B [Ohms "] = V equity! 604 (9.4) 


where lequiv is a quantity equivalent to the length of a stripline open at the end 
having the same input admittance; A = A/Veere where A is the wavelength in the 
stripline; te¢¢ is the effective dielectric permittivity of the substrate, which is 
determined in [014, p 621. The curves for Lequiv/h for various values of e€ are 
plotted in Figure 9.7 as a function of b/h. 


; An antenna is tuned to resonance if its input admittance is a real quantity. The 
‘ resonance condition follows from expression (9.2): 


{efit -- 2), BUG: | BB. -Y5). (9.5) 


Expression (9.5) defines the resonant length of a line section 72 having a low 
characteristic impedance pag. In this case, the input admittance of the antenna is 
Yin = 2G. The quantity 72 computed in this fashion is somewhat less than half of 
a wavelength in the stripline. 


The design of an antenna consists in computing the dimensions of its resonator and 
selecting a stripline to obtain the specified width of the main lobe of the 
directional pattern (or directional gain) of the antenna. Additional requirements 
are set which are related to the conditions for the placement and operation of the 
antenna on board the vehicle. These requirements are important when selecting the 
dimensions of the strip conductor and the dielectric substrate of the antenna which 
are its major structural components. The design of an antenna is most eadily 
accomplished by means of trial-and-error selection of its parameters. 


The selection of antenna dimensions consists in the following. Based on a speci-i 
fied directivity characteristic, the dimension b is determined for the strip 
conductor of the antenna (Figure 9.1). In this case, the dimension 72 is assumed 
to be equal to 0.44 to 0.5A. The stripline conductor can have either a square or 
a rectangular shape. The characteristic impedance p, of an asymmetrical stripline 
depends on the value of b (Figure 9.5), where this impedance should not be too 
low and usually amounts to 10 to 15 ohms. Then the h dimension of the antenna 
is chosen, usually h < 0.14, as well as the material of the dielectric substrate 
[014]. The dielectric permittivity of the substrate is most frequently chosen 
equal to € = 2,25--2.5. In individual cases, a ceramic (e€ ~ 10) can be chosen as 
the substrate. 


The selected antenna parameters make it possible to calculate the characteristic 
impedance pa of a low impedance asymmetrical stripline as well as the input admit- 
tance of the radiating slot of the antenna Y = G + jB using formulas (9.3) and 
(9.4), taking into account the function shown in Figure 9.7. The propagation 
constant 8 of a low impedance line is determined from [014]. The resonant length 
of a low impedance stripline section 2 and the input admittance of thé antenna 
Yin are determined from formula (9.5). An asymmetrical stripline with a character- 
istic impedance of pg = 50 ohms is usually chosen as the transmission line. A 
matching element in the form of a quarter-wave transformer is used to match the 


- 195 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


il Plane 
MICHAL MIA ee - 








\ 1 Figure 9.8. The directional pattern of a 
rae 7 printed circuit resonator type 
ee / antenna. 
Inocwocne E ~ 


E Plane 





Bre 5O Or 
50 Q Input 





| Arua 50 0M 
wi 50 2 Input 


Figure 9.9. Excitation configurations for a 
printec circuit resonator type antenna 
having a large value of the dimension b. 


Key: 1. Printed circuit antenna. 


antenna to the stripline. Matching is an extremely labor intensive operation. 

It is accomplished by the trial and error design of the matching element and is 
more successful, the closer the characteristic impedance of the antenna is to the 
characteristic impedance of the line. Where there is a substantial difference in 
these values, the antenna design procedure is repeated for its other parameters. 


A linearly polarized antenna (Figure 9.1) with a sqare stripline cenductor 
designed for a frequency of 9 GHz, has the following characteristics. The radi- 
ating slot admittance of the antenna is Y = (0.922 + 47.45) - 10-3 ohms-l, The 
resonant length of the antenna is Z = 0.46 when pag = 15'ohms. The antenna is 
matched to the stripline having a characteristic impedance of pg = 50 ohms by 
means of a quarter-wave transformer. In a passband of Af/fg = 2%, the SWR is less 
than two. The measured gain is 7.6 dB with losses in the line of 0.3 dB. The 
typical directional pattern of the antenna in the E and H planes is shown in 
‘Figure 9.8. 


The antenna is extremely narrow band. To improve the bandwidth performance it is 
recommended thati:the characteristic impedance pa of the low impedance stripline 
be increased, a dielectric substrate with a greater value of e be selected to 
reduce the resonator length, the inductance of the antenna be increased by means 
of making holes or slotted cuts in the stripline conductor of the antenna, as well 
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as that brozdband techniques for matching the antenna to the transmission line be 
employed. <All of this will make it possible to increase the passband of the 
antenna Af/fg up to 50%. 


‘For an antenna with a rectangular strip conductor and dimensions of d > i, the 
excitation system is built for the condition of equal electrical paths of the 
branched transmission lines (see §9.2). Several points are excited in the strip 
conductor in this case. Two excitation configurations are shown in Figure 9.9 for 
an antenna with a dimension b= 2\ for a line with a characteristic impedance 

Pg = 50 ohms. The proposed technique is also applicable to the design of rota- 
tionally polarized antennas. 


9.4. Antenna Arrays with Resonator Elements 


Antenna arrays with radiating resonator type elements are constructed in the form 
of strings of radiators and sets of these strings. When designing a linear 
antenna array, it is usually assumed that the radiators are arranged at equal 
spacings d from each other and are excited in-phase or with a constant and small 
phase difference. The analysis of such arrays is performed as an analysis of 
in-phase arrays, with subsequent accounting for the inclination of the main lobe 
of the directional pattern if this is necessary. Such excitatin presupposes a 
single transmission line for a linear array. It is also possible to excite array 
elements where the electrical length of the transmission lines are equal (see 
§9.2). 


Basic Relationships for a Linear Array. The direct ional pattern of a linear 
system of identical radiators with in-phase excitation has the form (see 
Chapter 2): 


ds . z 
Fy = » A, exp [jx (n —1) d cos 0}, 


ae 


(9.6) 


where An is the amplitude of the n-th radiator; 6 is the angle read out from the 
axis of the array; N is the number of radiators. It is assumed in this case 
that the number of resonator type elements is N/2. If the spacing between the 
radiators of the array isd = A/2, then the directional gain of the array is: 


N 2 N : 
D-=( x A.) | x An.” (9.7) 
I= am : ‘ 


The greatest directivity of an array is achieved when all of the amplitudes are 
equal: A, = A. Then the directional gain of the array is D=N. This is the 
case of uniform excitation of a linear array and it is of the greatest practical 
interest. 


The directional pattern of a uniform array, using the principle of directional 
pattern multiplication of [01], can be written in the form: 


F (0, 9) = F,(0, 9) Fr (0), (9.8) 
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where Fy, (6, $) is the directional pattern of a single radiator; Fy is the group 
directional pattern of the arrzy. The directional pattern of a resonator type 
element is described by expression (9.1). In the case of N/2 elements in the 
array, the group directional pattern is: 


Fy = sin (N/4)/(N/2) sin @, (9.9) 


where @ = (kd cos6 - $9) is the phase shift between the fields produced by 
adjacent elements; %) is the phase difference in the excitation of the adjacent 
elements. In the case of in-phase excitation of the elements of the array, ¢%) = 0. 


Ways of Exciting Array Elements. In the case of in-phase excitation of resonator 
type elements, one speaks of resonant excitation of an array. In order to avoid 
the appearance of secondary main lobes in the directional pattern, the spacing 
between array elements (taking the directional pattern of an element into account) 
(Figure 9.8) should not exceed A/2. Resonant excitation of an array is character- 
ized by the fact that the main radiation is directed along a normal to the plane 
of the array. The major drawback to such excitation is the poor matching of the 
array to the transmission line. For an array of four series connected resonator 
elements, designed for a frequency of 9 GHz, the matching passband for a SWR' level 
of no more than two amounts to 1.7 %. The resonant frequency, the iiput admittance 
of the array, as follows from the schematic shown in Figure 9.10, is Yin = NG, 
where Y = G + jB is the input admittance of the radiating slot of a resonator 
element (see §9.3); N is the number of slots. An antenna array with the elements 
. excited "off of resonance" in a traveling wave mode is free of this deficiency. 
With a large number of elements, the reflections from each of them "on the average" 
cancel out, which provides for good matching of the antenna array. A drawback to 
this excitation technique is the deviation of the direction of the main lobe from 
‘a normal to the plane of the array, which changes with a change in frequency. 
However, with a small phase difference for the excitation of adjacent elements 
"close to resonance", this deviation is small. 


Figure 9.10. The equivalent circuit 
of a linear in-phase array 
using printed circuit 
resonator type elements. 





An example of an array excited in a traveling wave mode is shown in Figure 9.10. 
One end of the array is connected to a coaxial feed line, while the other is 
loaded into an absorbing load. The angle of inclination @ of the main lobe of the 
directional pattern to the antenna axis is computed from formula (3]% 


cos 0 =: [A -- (1 -+ 0,58)1/1, (9.10) 


where Z and b are the dimensions of’ the array. It follows from formula 
(9.10) that the inclination angle 9 changes with a change in frequency, where the 
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main radiation is directed in a direction opposite to the direction of wave propa- 
gation in the transmission line. It follows from the theory of periodic structures 
that this is explained by the choice of the propagation constant 8 = k cos@ for 
the spatial harmonic which is responsible for the primary radiation. 


The characteristic features of antenna arrays with resonator type elements, when 
they are excited in resonance and traveling wave modes are similar to the features 


of slotted waveguide arrays which were treated in Chapter 5, with the same excita~ 
_ tion modes. 


The design of an antenna array consists ja selecting the number of elements in it 
and designing the elements for a specified directivity, i.e., main lobe width of 
the directional pattern or directional gain. A uniform in-phase array is taken as 
the basis for the design calculations, for which expressions (9.7) - (9.9) apply. 
The calculation of array gain is extremely approximate, since it is necessary to 
take transmission losses into account, and the calculation of the gain can serve 
only as a qualitative estimate of the selected antenna circuit. The design proce- 
dure for a linear array is as follows. 
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Figure 9.11. A linear traveling wave array Figure 9.12. A printed circuit 
with printed circuit resonator antenna in the form of 
type elements. a composition of 

Key: 1. Resonator antenna elements. Linear: eraveling 


wave arrays. 


The number of resonator type array elements, N/2, is chosen for a specified direc- 
- tivity. This number is taken equal to the directional gain of the array. Then 

the radiating element is designed using the procedure given in 89.3. The spacing 

between the array elements d is chosen equal to the dimension 72, which is the 
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resonant dimension of an element. The dimension b of a radiating element is. 
chosen equal to either 72 or i for a rectangular stripline conductor. In the case 
of a large value of b, the excitation of: an element is complicated and takes on 
the form shown in Figure 9.9. With in-phase excitation of the antenna array, the 
directional pattern is computed using formulas (9.8) and (9.9) for %) = 0. 


When an array is excited in a traveling wave mode, the angle of inclination of the 
main lobe of the directional pattern is calculated using formula (9.10). This 
makes it possible to determine the phase shift, $9, and to employ formulas (9.8) 
and (9.9) to calculate the directional pattern as well as the directional gain of 
the antenna array. The gain of the array is determined by the value of the effici- 
i ency, which under conditions of weak coupling of the radiators to the transmission 
line may be less than 50 percent. The radiation losses in a line loaded with an 
antenna array are taken at a level of 10 dB, which makes the results of analyzing 
traveling wave antnnas reliable and makes it possible to obtain the optimal gain. 


The coupling of the radiators of a yagi antenna to a transmission line is governed 
by the h dimension (Figure 9.11) and the characteristic impedance of the line 

p. The smaller h is, the smaller the attenuation constant a for the traveling 
wave in the line. It is assumed in this case that the propagation constant 8B 
does not change over the length of the line. The longer the antenna array, the 
smaller the height h. For an antenna structure with a length of 20\, the height 
h reaches 0.025). . 


If the yagi antenna designed in this manner does not have the requisite directivity, 
then its design calculations are repeated for a different number of radiating 
elements. A traveling wave array, designed for a frequency of 635 MHz, has dimen- 
sions of: 2 = 0.44, b= A and h = 0.075A [3]. A set of strips is used to improve 
‘the directivity. An example of an antenna of four strips is shown in Figure 9.12. 


9.5. Printed Circuit Dipole Antennas 


Dipole antennas and modifications of them are some of the most used radiators in 
antenna engineering. They are used particularly as the radiating elements of ' 
large antenna arrays. This explains the ever greater use of printed circuit dipole 
antennas. A stripline dipole takes the form of a strip conductor on a thin di- 
electric layer (Figure 9.13). When used as a part of an antenna array, a printed 
circuit dipole is usually positioned above a flat conducting shield. 


The design calculations for a printed circuit dipole can be performed as thé 
calculations of a strip dipole, with the subsequent accounting for the impact of 
the thin dielectric layer. In turn, a correspondence can be established between 
the strip dipole and «= dipole with a circular cross-section (a wire dipole), which 
has the same directional pattern and input impedance. In this case, the cross-— 
sectional dimension of the wire dipole is half as great (Figure 9.13). Such a 
comparison is experimentally confirmed given the condition that the length of the 
strip dipole 2L is substantially greater than its cross-sectional size 2d where 

2d << A. In this case, to calculate the characteristics of a strip dipole, one 
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an use the results of numerical and experimental studies of fine wire antennas. 
The influence of a dielectric layer consists in changing the length of a strip 
dipole, in particular, in shortening the resonanti length of the dipole. 


The Current Distribution and Overall Input Impedance of a Strip Dipole. . The 


surface current, 9 (x, y) = Xo¥ (x, Y), » induced in a narrow strip conductor of 


a dipole where -d < y <d and -L < x < L, can be characterized by the quantity: 


x 
ae 

1 (x) =: — | # (x,y) dy, (9.11) 
—d 


which is used in calculating the total input impedance of a strip dipole. The 
surface current } (x, ¥) has a singularity at the corner edges of the strip 
conductor, which is of a local nature and constant over its length. Taking this 
singularity and expression (9.11) into account, the current 4 (x,y) has the 


representation: 
o (x, ie =f (VF. . (9.12) 
“Egbivdiene 
Printed Circuit Dipole Wire Dipole | 
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Figure 9.13. A comparison of a printed circuit dipole with a 
wire one. 


Taken as the current I(x) in this expression is the current of an eq arene wire 
dipole (Figure 9.13). 


The results of a numerical investigation show that the current distribution over 
the length of the dipole approaches a sine distribution, as is adopted in approx- 
imate dipole theory [01], only for a dipole length of 2L < 0.5\. Examples of the 
current distribution for other values of L are given in [01]. Resonant length 
dipoles find the most widescale practical applications: 


The resistive and reactive components of the input impedance, Zin = Rin + JXin, of 
a strip dipole are shown as a function of its length L for various values of d 
in Figure 9.14. The value of the input impedance of a strip dipole differs from 
the input impedance of the infinitely fine wire dipole which is treated in 


- 201 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


approximate dipole antenna theory. We will also note that the resonant length of 
a strip dipole is close to 0.23), and practically does not change with a change in 
the d dimension of a narrow strip. 

Nex, 0" Rw ohms 

400 \- a=G 01a 





gy (by 


Figure 9.14. The input impedance of a strip dipole as a function 
of the arm length L/\ and the dimension d. 
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Figure 9.15. The retardation of the Figure 9.16. The retardation y of a 
surface wave as a function surface wave as a function 
of the dielectric layer of the height h/A of a di- 
thickness. electric layer of thickness 
t above the surface of a 


shield. 


The directional pattern of a strip dipole where L/d > 5 is taken to be the same as 
for an infinitely fine wire dipole. The dipole directional pattern is shown in 
{01]. However, when L/d < 5, instead of nulls, minima at a level of approximately 
12 dB appear. Such "swelling" of the directional pattern nulls is undesirable 
when a dipole is used as an element in an antenna array, primarily because of the 
increase in the coupling between elements, the appearance of cross-polarization 
of the radiation and the reduction in the gain. The design method described here 
for a strip dipole is applicable to a conductor with a dimension of 2d < 0.1). 
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Figure 9.17. Excitation configurations for a printed circuit dipole 
using a balanced (a), balanced three-plate (b) and a 
two-wire (c) stripline. 


Key: 1. Dielectric substrate; 
2. Conductors; 
3. Dielectrics; 
4, Balancing element. 


The Influence of the Dielectric Layer. The dielectric layer vf a printed circuit 
dipole is chosen to be extremely. thin t < 0.1\, since it is ohly a structural 
component with low losses. For this reason, as a rule, it does not influence the 
directional pattern of a dipole and is considered primarily when calculating its 

7 resonant length. The shortening of a dipole depends on the retardation of the 
electrical wave propagating in the planar dielectric layer with a thickness t. 
When t + 0, these waves degenerate into a free space T-type mode. 


The retardation y = c/ug of a lower mode is shown in Figure 9.15 as a function of 
the layer thickness t [4]. The retardation y of the indicated mode is shown in 
Figure 9.16 as the function of the thickness t of a dielectric layer positioned 

. above a conducting shield at a distance of h from the shield where the dielec-~ 
tric permittivity of the layer is e = 4 [4]. The resonant length of the dipole 
is taken equal to Lreg * 0.23A/y. 


Excitation of a Printed Circuit Dipole. The transmission line can be tied into 

a printed circuit dipole both perpendicularly to the strip conductor of the i 
dipole, and in the plane of the conductor. In the first case, a coax line with a 
balancing device is usually employed, just as in the case of a wire dipole. In 
the second, excitation by means of balanced stripline finds the widest applica- 
tions (Figure 9.17a, b). Sometimes the excitation is accomplished by means of 

a two conductor stripline (Figure 9.17c). As a rule, striplines connected to the 
input of a dipole by means of transition couplers [07, 014] are connected to 
other types of transmission lines (stripline and coaxial transmission lines, as 
well as waveguides), which are more convenient in structural terms and have 
better characteristics. 
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9.6. Antenna Arrays with Printed Circuit Dipole Elements 


Printed circuit dipole radiators are successfully used as phased array elements 
both for transmission and reception. The basic mode for the study of large planar 
arrays is an infinite array, the radiating elements of which are excited by a 
current having the same amplitude and a linearly changing phase. Such a model: can 
yield satisfactory results for a dipole array over a plane shield where the number 
of dipole elements is just 10 x 10. The analysis of a dipole antenna array con- 
sists in analyzing the input impedances as a function of the scan angle. Knowing 
these impedances, the influence of the latter on mismatching in the feed system 
of the antenna array can be minimized. 


Printed circuit dipoles in a periodic antenna array are placed at its nodes, 
usually above a conducting shield. Printed circuit dipoles incorporated in an 
antenna array can be combined in quadrupole elements (quadrupoles), as shown in 
Figure 9.18. By changing the interconnection of the dipoles in a quadrupole, one 
can substantially change the characteristics of the antenna array. Printed cir- 
cuit dipoles are usualiy assumed to be resonant and have a size of 2d << A. Under 
these conditions, the analysis of an array with dipole elements can be carried 

out based on the existing literature [03, Vo! 2; 6]. For dipoles of arbitrary 
length, a study of dipole arrays using integral equations is given in [7]. 


me as The Total Input Impedance of a Dipole Element 
of an Array Positioned Above a Shield. A 
printed circuit dipole as an element in an 
infinite array, depending on the numbers m, n, 
has an exciting voltage at the input which 
varies in accordance with the following law. 





Urine Ug eo Mts g—imty, (9.13) 
. where fi = & sin Ocosg; am KsiNO sing, K- Qn/d, ; 
Figure 9.18. Quadrupole a and a are the periods of the array. 
@loments of 
an. antenna Since an array is a periodic structure, the 
array. surface current induced with such excitation in 


the strip conductors of the dipoles, can be 
represented by a Fourier series expansion: 


5 fs nj x —ja, 9 
BED wee Sy » 4 Mie iBin e he : 


M=2 -- 00 == —- 90 


(9.14) 


where f,, fi -|- Qnmldy, @, — & “| Qruildy ; i is the number of the dipole which 
combines the subscripts m' and n', The coefficients “(0 can be calculated if 


the current distribution in the dipole is specified. This distribution is 
known for a resonant length dipole. Taking (9.12) into account, the surface 
current of the i-th dipole is defined as: 
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() 7 , 
ay... —/¢ _. cos =, (9.15) 
: Vai-y QL 


where 1h) is the current at the input to the i-th dipole. Then the Fourier 
coefficients in expansion (9.14) have the form: 


a) 9 (PIL oe 05m be ey (9.16) 
‘mn 2 dx dy Jo (and) 1—(2fmL/n)? ° 


where Jg is a zero order Bessel function. 


The input impedance of a dipole is defined as the ratio of twice the complex 
power P at the surface of the array within the bounds of its elementary cell to 
the square of the absolute value of the current at the dipole input: 


z a : 21) < 
Z::: The. wis 21 a 5 5 Coen wL0) x 


dy dy IN-a --00 N=: — 00 


1—-(Bm/k)? (9.17) 


x Maule [1 —exp(—jymn 2h)], 


where y2_ + B2 + a2 = k?; Pg = 1207 ohms; h is the spacing from the array to the 
shield. 


The series (9.17) converges, and when calculating the value of 2Z, one can limit 
oneself to a finite number of terms in the series. Knowing the input impedance 
of the dipole, it is not difficult to calculate the reflection factor in the 
transmission line which couples the dipole to the generator. It depends on the 
scan angle and is determined from the formula: 


Vr (0, a> eee Z(0, “Mow i Z(0, wl, s (9.18) 


where p o is the characteristic impedance of the feed line. 
Formulas (9.17) and (9.18) are easily subjected to numerical study. 


When studying the influence of the input impedance of a dipole on the reflection 
factor, which determines the conditions in the transmission line, a distinction 
must be drawn between the behavior of the resistive R and the reactive X 
components of the impedance. As studies of dipole arrays shown, these components 
are different functions of the scan angle. For this reason, the convergence of 
series (9.17) when calculacing the quantities R and X requires separate 
treatment. When additional main lobes are absent in the directional’ pattern of 
an array, one can limit sneself to one term of the series (9.17), which corres- 
ponds to the numbex m= 0 and n = 0, to calculate the resistive component R. 

The calculation of the reactive component X requires taking a large number of 
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terms of this series into account [03, Vol. 2]. The detailed analysis of the 
quantities R and X depends on the specific dimensions of the antenna array. 
However, there is no need in many cases to mow the true value of the total input 
impedance Z, since the array elements are matched for a certain scan angle, 
usually normal to the plane of the array. In this case, it is of interest to 
change the input impedance when changing the scan angle, which reduces the volume 
of computational work. 


The Total Input Impedance of a Quadrupole Element of an Array. A system of two 
coupled dipoles, which form a quadrupole element of an array (Figure 9.18), is 
excited by the voltage Ug of a generator which is connected to its center point. 
Depending on the number m, n of the quadrupole element, the exciting voltage 
varies in accordance with (9.13). By representing the surface current induced in 
the strip conductors of the dipoles with expansion (9.14), where i= 1, 2, we 
obtain the expansion factors for the current in the following form on analogy with 


(9.16): 
(19) c mL 
Ag = LBL gy d) 
xy 
ay 9 [gD 2b os Bt), 
Mh ay On Ohm bia = 


Taking (9.19) into account, the internal and mutual impedances of the dipoles 
comprising the quadrupole, Zyy, where u, v = 1,2, are determined by expression 


{5]: 


doa. oo oo " 
Lay = 1. ig > », oe x 


27k jo) 





mx —00 Mrz —00 
x ie) ea (1—e-2¥mn hy, (9.20) 
F¥mn 





where pg = 1207 


Because of the identical nature of the dipoles, we write 211 = 222. The series 
(9.20) converges, and when calculating the quantity Zyy, one can limit oneself to 
a finite number of terms in the sertes. 


The input impedance of a quadrupole, 2 = R + jX, as a generator load, is composed 
of the input impedances of the dipoles under conditions of their mutual coupling, 
transformed to the point where the generator is connected. Then, taking (9.20) 
into account, we have [5]: 
. ces 
1§41§9 
—2jZ1 pa cos yl sin yl}/{Zy2 + Zay-+ 2244 (sin? yl —cos? yi) +- 
4-2jpA* (21222, —Zi1 —P A) cos yl sin yl], (9.21) 


= [(Zy2 Zo, —Zj1) cos? pl — pA sin? yl— 
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where p,, y and 2 are the characteristic impedance, propagation constant and 
length of the transmission line segment respectively (Figure 9,18). 


Knowing the input impedance of a quadrupole, Z, we calculate the reflection factor 
T(68, 6) from formula (9.18), where this factor determines the conditions in the 
quadrupole transmission line as a function of the scan angle. The remarks made 
for a dipole element of an array also apply to the calculation of the quantities 
Zuy and Z. 


The design calculations for a printed circuit dipole array are carried out using 
the procedure indicated in Chapter 2, The design of a dipole and a quadrupole 
as elements of an array with a selected cell size for the array, consists in 
choosing prined circuit dipoles at the resonant length (see §9.6) and the quadru- 
pole dimensions, with the subsequent calculation of the input impedances using 
formulas (9.17) and (9.21) respectivély, as well as the reflection factor I in 
the transmission line using formula (9.18). The array gain can be determined 
based on I (see Chapter 2). If the gain is less than the requisite value, the 
design calculations are performed for other array dimensions. 


The study of dipole arrays has shown that the size of an array cell is one of the 
major parameters governing the input impedance of a dipole. Cell dimensions should 
be chosen somewhat less than follows from the condition for the lack of additional 
main lobes in the directional pattern. This makes it possible to match the input 
impedances of the dipoles in the array in a wider scan sector. Moreover, an 
important parameter is the spacing of the array dipoles, h, fromthe shield. It 
has been determined that one can select a value of h_ such that the dipole mis- 
matching in the scan sector is the same in the E and H planes. In this case, 
the maximum value of the SWR in the transmission line is minimized and the best 
matching results are obtained within the scanning sector. The initial value is 

h = 0.25\. As a result of matching, one can obtain a SWR of no more than two in 
a scan sector of 45°, 


9.7. Other Printed Circuit Radiating Systems. 


Also to be singled out among printed circuit antennas are planar spirals (detailed 
data on them are given in [03, Vol. 2], as well as other types of antennas, the 
major difference in which is the manner of excitation. We shall consider a few of 
them. 


Dipoles Systems With In-Phase Excitation. Dipole arrays with in-phase excitation 
find practical applications. The connection of the dipoles in a quadrupole (see 
§9.7) makes it possible to produce in-phase apertures, the effective area of which 
is practically the same as the geometric area of the aperture. For this reason, in 
composing apertures of different areas, the width of the antenna beam directed 
along the normal to fits. surface can change. An example of a quadrupole composed 

of triangular dipoles is shown in Figure 9.19. Another method of in-phase excita- 
tion of dipoles is their series connection to the transmission line, similar to 

the excitation of a system of resonator type radiators (see §9.4). Series excita- 
tion is extremely narrow band. 
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a £>(1) Figure 9.19, An in-phase antenna atfay 
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Figure 9:20. A five element dipole array 
with resonant excitation. 


Key: 1. Array elements; 
2. Transmission line. 
‘Dielectric 


J 
Input arog” “&nield 





Dipole Systems with Resonance Excitation. Series excitation of dipole systems can 
also be accomplished by the method realized in a Franklin antenna [02]. In this 
case, each dipole of the antenna system excites the next dipole so that’ an in- 
-phase radiating system is formed. An example of the structural design of such 

an antenna with five dipole elements which are capacitively coupled is shown in 
Figure 9.40, Planar arrays are put together using the same principle. Radiating | 
systems with resonant exciation are narrow band systems. The direction of the 
radiation depends on the frequency. 


Traveling Wave Radiating Systems. The principles employed in the design of 
antennas for the long wave band are used in printed circuit radiating systems 
made in the form of traveling wave antennas [Yagi antennas]. An example of such 
an antenna (a "sandwich" type) is shown in Figure 9.21. The radiating structure 
takes the form of zig-zag strip conductor (wave shaped), through which the 
traveling current wave propagates. The conductor is placed above the conducting 
shield, which can be replaced by a resonator. The main radiation direction 9 is 
computed from the formula: = 


Lt 
idjn 





sin 09 -= 


where L is the length of the conductor from point A to point B; d is the 
period of the structure. For L/A = 1, the angle 6 = 0, and we obtain a transverse 
radiation antenna. If L/A = 2, then the angle 69 = 90°, i.e., the antenna radi- 
ates longitudinally. 


Slotted Antennas, Excited by a Strip Transmission Line, are used in the same band 
of frequencies as slotted waveguide antennas. In contrast to the latter, slotted 
antennas have the advantage that the transmission has practically no dispersion. 

For this reason, the frequency dependence of the characteristics of these slotted 
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‘ antennas is less than for slotted waveguide antennas. Drawbacks to the slot an- 

2 tennas are the increased requirements placed on the transmission stripline for 
antennas of great length and the necessity of experimentally working out its 
dimensions. 


esonators (1) 
Aff Se o A/a NOQONIKOSOM INOUE 


angie! 








(1) enmovnore npoboduuxu Yewmpanened nboboonun (2) 
(2) Qusnenmpuyecnon nodnoxna COLE Ge MO . 





Figure 9,21, A sandwich type traveling wave Figure 9.22. A slot antenna in a 
antenna array. symmetrical stripline. 
Key: 1. Strip conductors; Key: 1. Short circuiting pins; 

2. Dielectric substrate. , 2. Center conductor of 


the stripline. 


Slot radiators for an antenna are cut in the outer conductor of a balanced stripline. 
The presence of the slot causes higher modes to appear in the stripline, where a 
combination of pins is used to suppress these modes (Figure 9.22). The slot length 
is computed from the formula 2 = 0.5Av(e + 1) [08] and is made more precise 










6-7 Mend 
. xt Slots ‘ 
Slots 
45 Op Menu (1) 
IDO ~ UEnmpinonon} 
~* 90 Ohms . nnobodnin 
30 0 n DUH 
. GOO ce 
22,5 0 CEMA HOI 
ss ma. mposodvur nuwiy \1) , 
a (a) a (b) 
‘a Figure 9.23. Excitation configurations for a multislot antenna using 
a three-plate symmetrical stripline. 
Key: 1. Center conductor of the stripline. 
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experimentally. The coupling of the slot to the transmission stripline is adjusted 
by shifting the slot relative to the center conductor of the line. 


Two excitation circuits, which are shown in Figure 9.23, are used for comparatively 
small slot arrays. The circuit which realizes series excitation of the slot is 
shown in Figure 9.23a. The dimensions indicated in the schematic were worked out 
experimentally. The circuit which provides for excitation of the slots with 
identical electrical paths is shown in Figure 9.23b. In long arrays, the slots are 
excited by traveling waves in the feed line. It is also possible to have slot 
excitation in a standing wave mode. The directional characteristics of slot arrays 
are determined just as for slotted waveguide antennas (see Chapter 5). 


A slot antenna excited by a stripline is convenient for frequency scanning. To 


increase the phase difference between adjacent slots with a change in frequency, 


one can place devices in the stripline which increase its electrical length, in 
particular, employ a zigzag center conductor for the stripline. The electrical 
length between the slots can amount to several wavelengths. Thus, one can obtain 
wide angle scanning. A scanning angle of up to 60° has been obtained in the 3-cm 
band when the frequency is changed by 5%. 
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10. YAGI RADIATORS FOR PLANAR PHASED ANTENNA ARRAYS 
10.1. Phased Arrays of Yagi Radiators 


A design procedure is given in this chapter for antenna arrays of radiators in 
the form of director antennas, or as they are still called, "wave channel" 
antennas [yagi antennas] [05] (Figure 10.1). The technique is realized in the 
form of a computer program which makes it possible to calculate the main charac- 
teristics and optimal geometric dimensions of the array radiators. 


The set of the directors of the antenna array radiators form an interacting 
structure, which can be treated as a layer of an artificial dielectric, covering 
the array [08]. By varying the parameters of this dielectric, one can improve 
the matching of the array radiators to the exciting feedlines in a specified 

scan sector, which is an important merit of yagi radiators [2]. Such antenna 
arrays can be used in the traditional meter and decimeter bands for yagi antennas. 
The development of stripline technology has made it possible to use yagi radia- 
tors in the centimeter band. 


ae pene 





Figure 10.1. Schematic of a yagi Figure 10.2. The geometry of a phased 
radiator. yagi array. 


During antenna array beam scanning, because of the interaction of the radiators, 
: there is a change in the input impedances which leads to their mismatching. 
Therefore, when designing antenna arrays, it is necessary to assure those geo- 
metric dimensions of the radiators, shape and dimensions of a cell in the 

array [03]. and parameters of the radiator input circuit for which the best 
matching of the radiators of the array to the exciting feedlines is provided in 
the specified scan sector in the working band of frequencies. Since mismatching 
during scanning is due to the interaction of the radiators, which occurs only 

in arrays, the design of a yagi radiator should be based on the analysis of its 
characteristics as a part of an array of identical elements. 


10.2. Analysis of the Electromagnetic Field of a Phased Antenna Array of Yagi 
Radiators 


The properties of an antenna array of yagi radiators (Figure 10.2) can be des- 
cribed most completely by means of solving the electrodynamic boundary problem 


for Maxwell's equations in the case of boundary conditions-for the tangential 
components of the field vectors at the separation boundary of the different media. 
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In the case of phased arrays with large dimensions (more than 10 x 10 radiators), 
the mismatching of the majority of its radiators, located in the central region 
of the array, can be studied using a simpler model in the form of an infinite 
antenna array with a uniform amplitude distribution [08]. 


: An infinite planar array is a periodic structure, the study of the electromagnetic 
field of which can be reduced to the solution of the electrodynamic boundary 
problem in one eell of the structure [08]. This boundary problem is solved based 
on the formulation of an integral equation for the currents in the dipoles of a 
yagi radiator and solving it by the method of moments [2]. As a result, the 
following expressions are derived for the directional pattern of a radiator in 
the array when the dipoles are oriented along the y axis (Figure 10.2): 


, K M : 
Fo (0, 9) =cos ol (y, ud) SD) Omn (Ys 4) Smn (Ys 4) Ex (0) sin Oy; 


kad m=ad 


K M 
Fo (0, p) =. cos 0 sin pl (y, u) > > ban (Y, u) mh En-(9) sin Bhan, 
k=a0 meat (10.1) 


M 
where bik? are the expansion coefficients for the current 


7 Xmnl = L imXmo 
msl 
distribution in the k-th dipole of a yagi radiator for the sinusoidal harmonics 

of the current: ; 


ra (Y) = sin |" (2—s)| » m=1,2,.,..M 
lh 2 


(1, is the length and h, is the mounting height of the k-th dipole) (Figure 10.1). 
The quantities x,, are determined from the solution of a system of linear 
algebraic equations: 


«i are 
7 ON xe nt 2m! he » ) == Tm Spo. 

peo ment m’hk mh mh (Y ) m VkO (10.2) 
where Zatytmk are the mutual impedances for the m'-th current harmonic in the 
k'-th dipole and the m-th current harmonic in the k-th dipole of a radiator when 
the entire array is excited. Expressions for the mutual impedances are given 

= in [2]: ak * Be Gy BIE a coal 

Pos (—1)™—/2, im ueretioe, odd 

. 0 , mm yeTHoe, even 


where 64,1 is Kronecker's delta: 6,, = 1, 5,41 = 0 when k # k's; I(y, u) is the 
current in the gap of the active dipole; 


y 7K sin 0 cos ro u= Ksin 0 sin; 0 = « cos 0. (10.3) 
The directional pattern of a radiator in an array is influenced by the parameters 
of the equivalent circuit of its input circuit (Figure 10.3). In this circuit, 
the characteristic impedance of the transmission feedline p, the transformation 


ratio of the ideal transformer n and the reactive component jX are the equivalent 
parameters of its input four-pole network; 


Kk M M : 
Zoyx (Y, ues > > Py Om? nr OmoZm’ ae, mo (Ys u) (10.4) 


ke =Om=1m'=1 
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is the input impedance of the active dipole, taking into account the influence of 
the directors and the adjacent radiators (when the entire array is excited with 
a uniform amplitude and a linear phase distribution). 


This impedance (in contrast to the input impedance of an individually excited 
radiator) is frequently called the effective input impedance. It follows from 
the equivalent circuit that the dipole current is: 


1 (¥, a) = ; a 
(y, u) = 2n V2 ItZae (rw) Zi], (10.5) 


Z, == np 4 jX. 


where 


It is usually necessary in practice to 
turn to the experimental alignment of 
the input circuit for good matching of 
the radiators, for example, using a wave- 
guide model of the phased array [08], 

Tn which corresponds to matching of the 
Figure 10.3. The equivalent circuit of phased array for radiation in a certain 

a yagi radiator. direction @9, ?9. It is not difficult 

to determine from the equivalent circuit 

that for the condition of matching, the equivalent parameters of the input four- 
pole network are defined by the expressions: 


n==VReZ,, (yo. tol; X == —IMZ,, (yo, tuo), 





(10.6) 
where Yo 72 K SIN Oy COS Py, Uy = K SIN Oy sin Doe 


For this reason, when calculating the characteristics of phased arrays, it is 
expedient to assume that the equivalent parameters of the input circuit corres- 
pond to (10.6), and when designing the circuit, it is necessary to provide for 
the selection of its equivalent parameters in accordance with the calculated 

or measured value of the effective input inpedance Zin(Yo> ug). 


Based on the effective input impedance of a radiator, one can determine the 
effective reflection factor from the radiator input. We have from the equivalent 
circuit and formulas (10.6): 


Fong (0 1) = Znx (Vos ta) (10.7) 


NS Zae Os 8) F Ziq (os a) 


[2px = Zin] 

Information on a program written in the algorithmic Fortran language which 
realizes the calculation of the indicated characteristics of a yagi radiator in 
an array using the BESM-6 computer is given in [1]. 


10.3. The Characteristics of a Yagi Radiator in a Planar Phased Antenna Array 


It is essential to know the number of the current harmonics in the dipoles, M, 
and the number of spatial Floquet harmonics [08], which must be taken into 
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account when calculating the mutual impedances in (10.2) to obtain satisfactory 
precision in practice in calculations of the characteristics of a radiator in 
an array. Computations show that for a dipole length of 0.2 to 0.7 A, to assure 
7 a precision of 0.5 to 1% it is sufficient to retain three to five harmonics 
when calctilating the E-plane directional pattern and one to three harmonics 
when calculating the H-plane directional pattern. In this case, the requisite 
number of Floquet spatial harmonics amounts 60--100 [2]. A slightly greater 
error, running up to a few percent, will be observed in this case in a narrow 
region of sharp resonance changes in the directional pattern. To illustrate the 
convergence of the solution, the directional patterns of a yagi radiator in an 
array are shown in Figure 10.4a in the E-plane where the different numbers of 
current harmonics considered are M = 1, 3, 5. 
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Figure 10.4. The directional pattern of a yagi radiator in an array 
with a rectangular grid. , 
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Figure 10.5. The directional pattern of a yagi radiator in an array 


with a triangular grid. 


An important feature of a yagi radiator is the possible presence of sharp reso- 
nance "dips" of a finite depth in its directional pattern in the H-plane (and in 


- 214 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


other close planes where >| < 30--45°) (Figure 10.4b). In particular, in an 
array with a rectangular grid, a dip occurs in the H-plane in directions close to 
the angle 6, 6_, = arcein(\/d, ~ 1) on the part of the smaller values. The angle 
@_,; 1s frequently called the “grazing” diffraction lobe occurrence angle. In 

the general case, the directions of the dips are also close to the directions 

of the "grazing" diffraction lobes, which are determined from the equation: 


(sin cos 9+ J 1) +-(sinOsin 9-1-5 -9— petg 6) =1, (10.8) 
x . "9 x 


where p, q = 0, + 1 are the numbers of the diffraction lobes (p2 + q2 # 0). The 
dip in the directional pattern of a yagi radiator is due to the retarding pro- 
perties of the aggregate of array directors where the dipole length is less than 
resonant (about 4/2) [3]. If the retarding interacting director structure is 
treated as a layer of an artificial dielectric [07], then as follows from a 
comparison with an array covered with a dielectric plate [08, 09], the existence 
of a dip is to be anticipated if the retardation of the yagi structure is 
sufficiently great. The greater this retardation and the coating thickness, 

the closer the dip should be shifted to the transverse direction to the array. 
This shift actually occurs when the retardation increases in a director structure, 
in particular, with a reduction in the spacing between the directors and with 

an increase in their length (but no greater than the resonance length) [3], and 
amounts to a few degrees (Figure 10.4b). 
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Figure 10.6. The directional pattern of an optimized yagi radiator 
in an array. 


a. Rectangular grid: 


b. Triangular grid: 


Since the analogy with the case of an array covered with a dielectric layer is 
not complete, there can also be no dip in the directional pattern of a yagi 
radiator at certain values of the radiator parameters (for K = 1 in Figure 10.4b). 
In this case, there is a sharp rolloff in the directional pattern at angles o 

6 > 6_4. . 


Since with an increase in the wavelength, the direction of a dip moves away from 
the transverse direction to the array, then the array step in the H-plane, dx, 
is to be chosen from the condition for single beam scanning at the upper working 
frequency in an angular sector which exceeds the specified scan sector by the 
width of the dip region in the directional pattern of a radiator in the array. 
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By virtue of the fact that dipoles do not radiate along their own axis, a dip 

does not occur in the directional pattern of a radiator, as a rule, in the E- 
plane and in planes close to it Clo] = 1/2) (Figure 10.4a). Since the directional 
pattern of a yagi radiator in the E-plane is of a smooth monotonic nature and 
takes on small values at angles of @ close to 90°, then the spacing between 
radiators in the E-plane, d,, can be chosen somewhat greater than the value 

which follows from the condition for single beam scanning. The step dy is 

chosen depending on the permissible decrease in the gain at the edge of the 

scan sector and the permissible diffraction lobe level at the highest frequency. 


Arrays with a triangular grid and the dipoles oriented along one of the sides 

of a triangular cell are an exception. In this case, a dip also occurs in the 
E-plane (Figure 10.5). For this reasca, the use of such a grid is not expedient 
in a number of cases.. A grid with an orthogonal orientation of the dipoles is 
preferable, in which there is no dip in the E-plane (Figure 10.6b). 


However, it must be remembered that all of the directional patterns cited here 
belong to an infinite array. 


The finite dimensions of an actual antenna array has an impact first of all on 
the directional pattern of a radiator in the region of the dip. The finite 
nature of a phased array is not felt if the dimensions of an array are so great 
that the beam width does not exceed the region of the dip. With a decrease in 
array dimensions, the depth of the dip will fall off, while its width will 
increase in proportion to the beam width of the array. With a further reduction 
in antenna dimensions, the dip completely disappears. In this case, a model in 
the form of an infinite array can be considered justified only for directions 
falling outside the region of the dip in an infinite antenna array. 


19.4. The Optimization of a Yagi Radiator in an Array 


We shall now consider questions of designing the geometry of a yagi radiator: 

the choice of the number of directors, the length, the mounting height, etc. 

The existence of a program for calculating radiator characteristics on a computer 
makes it possible to automate this portion of the design work to a certain 
extent. The mathematical tools for this are numerical optimization techniques 
[4]. Where these techniques are used, by working from the requirements placed 
on the antenna array characteristics, a so-called quality indicator is put 
together, which depends on the radiator parameters. Numerical optimization 
algorithms provide for searching out the optimal values of the parameters which 
attain the extremal value of the quality indicator. 


The average array gain in the scanning sector can frequently be chosen as the 


quality indicator for the phased array, which by virtue of (2.13), is propor- 
tional to the quantity: : 


p<) S/F, 9) Psin Odode, 
ie " (10.9) 


where Qcx is the scan sector. 
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The optimization of a yagi radiator based on this quality indicator is carried 
out in accordance with the program of [1]. Computation of the double integral 
of (10.9) in the program is replaced by summing using Gauss’ formula (n = 4) 

for the inner integral with respect to 6 and using the rectangle formula for the 
outside integral with respect to >. Since the range of variation in the radiator 
parameters is limited: the spacing between the dipoles is always greater than 
their width, the length of the dipoles is always positive, etc., it is necessary 
to employ optimization techniques with limitations [4]. Since the quality 
indicator (10.9) is always positive, one can employ the following variant of 
the external penalty function technique: set f = 0 outside the range of permis- 
sible values of the parameters. To find the extremum of the resulting function 
f, defined in an unlimited range of values of the arguments, the method of local 
variations is employed in the program [4]. 


The major parameters which characterize the properties of the yagi structure 
(Figure 10.1) are taken as the parameters to be optimized in the program. These 
are the mounting height for the layer of directors h,, the spacing between the 
dipoles Ah = hy, - hy, (k= 1, 2, ... K- 1) which is assumed to be constant, 
- the length of the first director , and the shortening of the directors A = 
iat Se (k = 1, 2, ... K- 1), which is also taken to be constant. As a 
result of this, the number of variables is curtailed so much that it is now 
possible to optimize a radiator in a comparatively small amount of machine time. 
In this case, the following approach to the design of a yagi radiator can be 
proposed. The optimization with respect to the selected main parameters is 
carried out in a first approximation (M = 1) in the first stage. Then, treating 
the resulting geometry of a radiator as the starting point, a more precise 
selection of these parameters is made for M = 3...5. In the third stage, the 
radiator can be optimized with respect to the remaining parameters, for example, 
one can choose the best 009, $q matching direction. Such an approach to the 
solution makes it possible to choose parameters for a yagi radiator, expending 
no more than a few hours of BESM-6 computer time on each step. Results of 
calculations show that even after the first optimization step, sufficiently 
good matching of the radiator to space is achieved, so that the subscquent steps 
may prove to be superfluous. 


Rim 


Since a quality indicator usually has several local extrema, the choice of the 
starting point for the optimization program is of considerable importance. 
Calculations show that such parameters as the mounting height h, and the length 
of the first dipole 1}, can be arbitrarily chosen in a range of hj = 0.25--0.4 2 
and 1, = 0.3--0.4 4. At the same time, depending on the choice of the initial 
values cf the parameters Ah and Al, one can obtain different "optimal" values 
of the parameters. For this reason, it is necessary to take somewhat different 
starting sets of values for Ah and Al. Usually, these quantities fall ina 
range of Ah = 0.1--0.35 A and Al = -0.05--0.15 }. The initial direction for 
the matching can be arbitrary, just so the condition 6g < 6_, is met, for 
example, 69 = 0. Experience with the calculations shows that the number of 
directors in a radiator is expediently chosen larger than K = 2--3. 


The directional patterns of an optimized yagi radiator with three directors in 
a scan sector of + 40° in the H-plane and + 60° in the E-plane are shown in 
Figure 10.6a for a rectangular grid with steps of d, = 0.6 A and dy = 0.54 A. 
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The directional patterns of a dipole radiator (K = 0) are also shown in this 

same figure for comparison. As can be seen from these curves, the reduction in 
the gain of the array for optimized radiators as compared to the maximum possible 
value amounts to 0.3 dB overall in the scan sector. This is considerably less 
than for an array of radiators consisting only of one active dipole (K = 0). 


Better matching to space in the main planes can be achieved in an antenna array 
with a triangular grid for the configuration of the radiators, since in this 

case, the dip in the directional pattern of a radiator in the H-plane is 

removed considerably from the transverse direction. However, the dip in the plane 
|¢| = 30° is brought closer to the direction of the normal in this case. The 
directional patterns of an optimized yagi radiator in an array with an equilateral 
triangular grid for a specified scan sector of |o| < 32° and array steps of dy = 
0.7453 A and = 0.6415 } are shown in Figure 10.6b. As can be seen, practically 
ideal matching of the phased array in the single beam sector is achieved, with 

the exception of a narrow dip region. 


It must be noted that the quality indicator in the cases cited here has yet 
another maximum at Ah = 0.03--0.05 A and Al = -0.05--0.06 i, which corresponds 
to a more compact structural design of the yagi radiator. However, the maximum 
gain losses of the phased array in this case because of mismatching amount to 
about 0.5 dB. 


The calculation of the characteristics of optimized radiators in a band of fre- 
quencies shows that an array matched to space at the high frequency remains 
well matched with a reduction of 20% and more in the frequency, given the 
condition that the parameters of the input circuit conform to (10.6). 


10.5. Designing the Input Circuit of a Yagi Radiator 


The conditions for matching the radiators of an array during scanning in a 
chosen direction 8o> $9 (10.6) mean that the input circuit accomplishes the 
matching of the characteristic impedance of the transmission line p to the 
impedance of the load Zin(Yo> Ug) in a specified frequency band. Such an input 
circuit is designed using the methods of microwave network theory. 


We shall consider the procedure for designing the simplest input circuit. The 
structural design of a linear array of yagi radiators for the centimeter band 

- using striplines is shown in Figure 10.7a [6]. In this figure: 1 are the 
directors of the radiator; 2 is the active dipole; 3-5 are the balancing device 
elements for the excitation of the dipole; 6 is the exciting stripline radiator; 
7 is a phase shifter; 8 is a directional coupler; 9 is the matched load for 
the free arm of the coupler; 10 is the distribution stripline exciting the 
phased array; 11 is the dielectric substrate. The dashed lines show the confi- 
guration of the conductors on the back side of the substrate. 


The strip transmission line section 4 is a quarter-wave transformer [06] which 
matches the load impedance connected to the balancing device in the active dipole 
gap to the characteristic impedance of exciting line 6. The short circuited loop 
5 using a slotted transmission line provides for symmetrical excitation of the 


- 218 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


dipole. At the center frequency, its length is = o/4, where A, is the wave- 
length in the slotted line. In the case of a purely resistive load, the length 
of an open-circuited section of stripline 3 is also equal to A,/4 (Ay is the 
wavelength in the stripline). In the general case, the length “3 is chosen from 
the condition for the compensation of the reactive component of the input 
impedance of the radiator: fi, geis 


ctg (27013/A) a Xox (Yo. Uo)/ Py. 


(10.10) 





Figure 10.7. The structural design of a linear stripline array of 
yagi radiators (a) and the equivalent circuit of the 
exciter (b). 


The characteristic impedance of the quarter-wave transformer P4 = 93 is deter- 
mined by the values of the impedances being matched [06]: 


eV Res ies be (20.11) 


The calculation of the wavelength in stripline and slotted line, as well as the 
calculation of the geometric dimensions of the lines based on a specified value 
of the characteristic impedance can be carried out using the techniques given 
in [5]. 


Since the input circuit configuration cited here can provide for only narrow 
band matching of the radiator to the transmission line, the entire calculation 
is carried out at the center frequency. The passband of such a radiator amounts 
to a few percent. Since the methods of calculating the input circuitry are 
rather approximate, while the mathematical model for the yagi array considered 
here is idealized, the results obtained from calculating the parameters of the 
input network require an experimental improvement in the precision. As has 
already been noted, this is conveniently done using a waveguide model of the 
phased array, which simulates the radiation in the direction 69, $0. 


If the requisite passband of a radiator is more than 10%, then a more complex 
microwave network is to be used instead of the quarter-wave transformer (4), 
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where broadband matching techniques must be used for the design of this network 


{7}. 
10.6. A Design Procedure for a Yagi Radiator for Phased Antenna Arrays 


Various sets of initial data are possible for the design of a yagi radiator. 
Typical is the specification of the scan sector, the permissible reduction in 
the gain during scanning and the permissible level of the sidelobes of the 
phased array. The parameters of a unit cell in the array dx, dy, and * can be 
chosen based on these initial data (see Chapter 2). In particular, with a 
rectangular grid for the layout of the radiators, the steps are chosen in 
accordance with the specified scan sector using formula (2.3), and in the case 
of a triangular grid, using formula (2.4). 


The mounting height of the active dipole, hg, is ordinarily chosen equal 0.2-- 
0.25 A and the length 1, = 0.45--0.5 4. The thickness of the dipoles is chosen 
in a range of 0.02 to 0.05 \ and the matching direction 89 < 9_}- The number 
of directors of a radiator is chosen as K = 1 and the initial values of the 
radiator parameters being varied, Ly and h, are chosen in accordance with the 
recommendations given in § 10.4; the initial optimization of the radiator para- 
meters is accomplished on a computer for the case where M = 1. It is necessary 
for the optimization program to specify the precision in the determination of 

S the extremum and the error in the determination of the optimal dimensions of 
the dipoles. It is usually sufficient to take the former as 0.005 - 0.01, and 
the precision in the determination of the geometric dimensions as 0.005 - 0.01 i. 
The optimization results are evaluated in the sense of attaining the specified 
radiator characteristics. The array steps are made more precise in accordance 
with the recommendations given in § 10.3. In particular, the array step can 
be slightly increased in the E-plane, given the condition of assuring a specified 
gain and diffraction lobe level. Where necessary, the number of directors is 
increased and the the initial value of the parameters Al and Ah is specified 
(see § 10.4). The optimal dimensions of an array cell and the radiators are 
found as a result of several trial and error calculations, which are then made 
more precise using optimization programs where M = 3--5. 


Based on the value of the input impedance Zin(yo> Up) obtained with the computer, 
the input network is designed and the structural design of the antenna array 

is worked out. 

The calculation of the directional pattern characteristics of the antenna array 


is then carried out on the whole in accordance with the general procedure (see 
Chapter 2). 
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11. APPROXIMATE DESIGN CALCULATIONS FOR PHASED WAVEGUIDE ANTENNA ARRAYS TAKING 
MUTUAL COUPLING INTO ACCOUNT 


11.1. General Considerations 


The open ends of waveguides are the most widespread radiators for antenna arrays 
in the centimeter band. Various modifications of waveguide radiators, realized 
by means of dielectric inserts, stops and other devices, are described in Chapter 
12. A design procedure for phased array geometry is given in § 2.12 without 
taking mutual coupling into account. The results of such design calculations 

can be used as the initial approximation in drawing up the mathematical model 

of a phased array, in which the interaction between radiators, edge effect, 
excitation circuit configuration, etc. should be taken into account in the 
general case. 


An approximate design procedure for phased arrays is proposed in this chapter 
using graphs, calculated taking mutual coupling into effect. The graphs are 
plotted for planar waveguide arrays with a rectangular grid for the arrangement 
of the radiators in the case of small cross-sections of the waveguide radiators 
and small thickness of their walls. In such arrays, the mutiial coupling is due 
primarily to the dominant mode, however, the majority of the graphs in this 
- chapter were plotted taking into account the existence of higher modes also. 
Thus, the material of this chapter makes it possible to improve on the precision 
of the design procedure adopted in Chapter 2. 


11.2. Design Graphs 


The concept of the gain of an element in an array was introduced in Chapter 2 
(formula (2.16)). The power transmission gain of 1 - T2(6, 6), incorporated 
in (2.16) is a function of the position of the main lobe of the directional 
pattern (8 ax? max)? since as is well known, the input admittance of the 
radiators and the reflection factor I'(@, $¢) change during the scanning process. 


Il? gue rir? 






Wp= 065A 
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Figure 11.1. The power transmission gain in the case of E-plane (a) 
and H~plane (b) scanning for various spacings between 
the array radiators. 
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Curves are plotted in Figure 11.1 which characterize the change in the power 
transmission gain during scanning in the E and H-planes for an infinite wave- 
guide array with a rectangular grid for the radiator layout with various 
spacings d, and d_ between the radiators (see Figure 2.1) [1]. The curves in 
the E-plane were dptained experimentally; they were calculated for the H-plane 
assuming infinitely thin walls (a = d, and b = d,). The arrows on the abscissa 
indicate the values of the angles 6,,,, which when the main lobe deviates by 
these amounts, a grazing (at an angle of 90°) diffraction maximum appears. 
Corresponding to each spacing between the radiators (d, or dy), as is well 
known, is its own value of Oaax® With the deflection of the main lobe through 
an angle approximately equal’to @,,,, a sharp mismatching of the radiators to 
the feeders is observed, the reflection increases while the power transmission 
gain falls off. The sharp drop in the power transmission gain limits the scan 
sector 0...,: In the case of E-plane scanning, thé permissible scan sector is 
less than the ultimate angle 6,,,p: 


8scan E ~ 9-78 naxk “Oone 0,70 max (11.1) 


When scanning in the H-plane, Onax H practically coincides with the angle @,.an 4: 


When taking only dominant mode mutual coupling into account, the reflection 
factor changes monotonically within the bounds of the scan sector 6,,ay- 
ee Poa The maximum permissible beam deflection 
angles 8..an 9 2nd 8,,.a, ¢ is shown in 
Figure 11.2 as a function of the spacing 
between the array radiators for the 
dominant mode. 
= The reflection factor can be determined 
G55 G6 065 % as a function of the aperture dimensions 
. 4°2 of the radiators and the spacings between 
; them taking mutual coupling via higher 
Figure 11.2. The permissible scan sec- modes into account using the results 
tor as a function of the found in the literature [08]. Also 
spacing between array studied there is the reflection factor 
radiators. as a function of the waveguide wall 
thickness t in an infinite array. It is 
shown that changiu,; the thickness of the waveguide walls with a constant spacing 
between waveguides has no impact on the position of the minimum gain in the 
- scan sector which is due to the considerable mismatching at the moment of the 
appearance of the highest, the first maximum in the array factor; on the other 
hand, changing the thickness of the walls has a substantial influence on the 
absolute value of the reflection factor. 
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The change in the absolute value and phase of the reflection factor in the E and 
H-planes for various thicknesses of the waveguide walls is shown in Figures 11.3 
and 11.4 by way of example. In accordance with these figures, as well as based 
on similar curves available in the literature [08] for other array dimensions, 
one can plot generalizing graphs for the maximum possible reflection factor in 
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the scan sector as a function of the dimensions of one radiator, a and b, for the 
case of a constant spacing between radiators (Figure 11.5). One can draw the 
following conclusions based on what has been presented. 

Ir] 1. The maximum value of the absolute value 
of the reflection factor occurs with 
radiation along a normal when scanning in 
the H-plane in a planar array of rectan- 
gular smooth waveguides with a small 
cross-section, which are placed at the 
junction nodes of a rectangular grid. 

The absolute value of the reflection fac~ 
tor |r| is greater, the smaller the 
radiator aperture a for a constant d,, 

or what is the same thing, the thicker 
the waveguide wall. 





Using the curves of Figure 11.5b, one 
can approximate the absolute value of 
the reflection factor for the case of 
radiation along the normal based on the 


gr 
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Figure 11.3. The absolute value of the 


reflection factor for E- 
plane scanning as a func- 
tion of waveguide wall 


selected spacing between the radiators 
d,/A and the aperture dimensions of a 
single radiator. 
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Figure 11.4. The absolute value of I and the phase, arg!, of the 
reflection factor for the case of H-plane scanning as 
a function of waveguide wall thickness. 


2. In the case of E-plane scanning, the reflection factor function is more 
comples. Its absolute value in the case of radiation along the normal depends 
not only on b and d,, but also on the a and dy dimensions of the array in the 
H-plane. When the main lobe of the direction pattern is deflected from the 
normal, |f| initially falls off to a certain minimum value, and then rises 
rather sharply. Corresponding to each waveguide wall thickness is its own main 
lobe deflection angle for which |r| is minimal. The maximum value of [Els 
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Figure 11.5. The maximum reflection factor of a radiating waveguide 
for various wall thicknesses in the case of E-plane (a) 
and H-plane (b) scanning. 


(Figure 11.5a) is obtained in the majority of cases at the edge of the scan 
sector (thus, for example, for b/A = 0.5714 when 6 = 38° and b/A = 0.6724 when 

= 25°, where the angles 38° and 25° bound the scan sector for the correspond- 
ing array dimensions), and [r| rises considerably outside the bounds of the 
scan sector. ; 

I7|nos The graphs of Figure 11.5a were plotted 

with respect to two points, and can 
therefore be used only in rough calcula- 
tions. The resulting graph (Figure 11.6) 
was plotted based on the curves of Figure 
11.5, which shows what maximum mismatch’ 
can be anticipated in an array when 
scanning throughout the entire permissible 
sector Bad in the E and H-planes. 





20 (30:t«C«C Ci 


Figure 11.6. The maximum reflection 
factor as a function of 
the selected scan sector, 
OcKx [8nean! in the H- 
plane (solid curves) and 
E-plane (dashed curves). 


The maximum permissible mismatching in the 
exciting waveguides IT cel may be stipu- 
lated in the technical specifications 
when designing the antenna array. Then 
the permissible scan sector will be limit- 
ed by the specified value of |T|,ax and 

can be determined for the waveguide array without the matching devices using 

the graph of Figure 11.6. As can be seen from Figure 11.6, the reflection 

factor cannot be less than 0.2 for any wall thickness or dimensions of the 
= waveguide aperture when scanning in a sector of more than 30°. 


If the requisite values of the maximum permissible reflection factor and scan 
sector are not assured, then a provision should be made for matching the 
radiators to the exciting waveguides. Impedance transformers, dielectric inserts 
inside the waveguides and dielectric coatings in the antenna aperture can be 
employed as the matching devices. The presence of a dielectric can substantially 
improve the matching thoughout the entire scan sector, but at the same time, it 
leads to the appearance of anomalous nulls in the gain. 
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Questions of matching waveguide radiators in scanning arrays are treated in 
detail in Chapter 12. 


The graphs shown in Figures 11.2--11.6 can be successfully used to determine 
the reflection factor in waveguide phased arrays where the waveguide wall 
thickness is small and where their cross-section dimensions satisfy the condi- 
tions: 7 eee 

a<0,75A; 6 < 0,50, 

(11.2) 
In this case, the interaction of higher modes changes the reflection factor by 
no more than 10% as compared to the value calculated when taking only the 
- dominant mode into account. 


The direct method of determining the reflection factor T(6, $), taking mutual 
coupling via higher modes into account for any array structure, consists in 

the following. By treating a large multielement phased array as a infinite 
periodic structure, the field in the exterior region (where z > 0) can be broken 
down in terms of the spatial harmonics of this structure. The field in the 
interior region (where z < 0) can be represented in the form of the superposition 
of the dominant mode and higher modes, of which only the Hyp mode may propagate 
through the waveguide [3 - 5]. 


The condition of field equality at the boundary of the internal and external 
regions (when z = 0) leads to an integral Fredholm equation of the first (or . 
second) kind. For the numerical solution of a Fredholm equation, it is necessary 
to make a transition from the integral equation to a system of linear algebraic 
equations, by selecting the appropriate system of base functions. In the case 

of a waveguide phased array, it is convenient to take the set of modes in the 
waveguide as the base functions. Only a limited number of modes in the waveguide 
and spatial harmonics in the external space, needed to obtain a good approxima~ 
tion, are used in the calculations. The computational program, compiled using 
the algorithm described here, is given in Chapter 12. 


11.3. Design Recommendations 


1. When designing phased waveguide arrays, it must be kept in mind that mutual 
coupling of the radiators can have a substantial impact on their matching to 
the exciting waveguides and on the antenna gain in the scan sector. 


2. The geometric dimensions of the array and its elements can be roughly deter- 
a mined without taking mutual coupling into account ‘using the formulas given in 
Chapter 2. 


The initial values for the design calculations are the width of the main lobe 

of the directional pattern, the level of the first sidelobe, the scan sectors 

Qscan E 2nd Sgcan H» the permissible reflection factor bE eae and the permissible 

nonuniformity in the antenna gain within the scan sector. In accordance with the 

design procedure recommended in § 2.12, the overall dimensions of the array Ly 

and L, are determined, as well as the amplitude distribution (see Table 2.1) and 
7 the spacing between the radiators and the number of them. 
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7 The results obtained are to be treated only as an initial approximation. 


- 3. Taking the mutual coupling of the radiators in the array into account makes 

it possible to specify its dimensions more precisely. In particular, the spacing 
between the radiators is to be chosen from the graphs of Figure 11.2, taking into 
account the fact that ir the E-plane, the angle Oa E included in formulas (2.3)- 
~(2.6) must be determined using formula (11.1). Increasing the spacing between 
the radiators to a value greater than the design figure is not permissible, since 
this leads to the appearance of a dip in the gain within the scan sector. Reduc- 
ing the spacing between the radiators as compared to the calculated value is not 
expedient in the majority of cases, since this leads to an increase in the reflec- 
tion factor lets | when scanning in the H-plane, although ey eee [sic] decreases 
slightly in the case of E-plane scanning. Moreover, with a decrease in the 
spacing between the radiators, it is necessary to increase the overall number 

of them in the array to maintain the previous overall dimensions L, and Ly. 


The anticipated maximum value of the absolute value of the reflection factor in 
“ a given scan sector can be roughly determined from the curves of Figure 11.6. 
If Plas exceeds the reflection factor permitted by the operational conditions 
of the entire antenna and feed system, then the scan sector should be reduced 
= or provisions should be made for matching devices in the structural design 
of the radiators. 


4. The maximum aperture size of a single radiator is determined by the permissi- 
ble spacing between the radiators in the array; the minimum size anjy > 1/2 is 
limited by the propagation conditions of the Hjg mode. Moreover, it is necessary 
to keep the following in mind when selecting the dimensions of the aperture of 
a radiator. With a decrease in the dimensions a and b, the reflection factor 
[Tl giace increases. The value of [ase can be estimated by means of Figure 11.5. 
On the other hand, an increase in the a and b dimensions can lead to the 

= appearance of anomalous nulls in the scan sector [3]. If the aperture dimensions 
do not exceed those recommended by the conditions of § 11.2, then anomalous nulls 
will not appear in the entire secior of + 90°; if the indicated conditions are 
not met, then it is necessary to completely calculated the input admittances 
and reflection factors. 


5. The recommended procedure, which was drawn up based on the results of analyz- 
ing infinite arrays, can also be used to choose all of the dimensions of 
sufficient large finite arrays. This is justified by the fact that the direc- 
tions in which there are dips in the gain do not depend on the overall dimen- 

a sions of the array. However, with a decrease in the array dimensions, a dip 
becomes wider (occupies a greater angle) while its depth decreases. If it 
is assumed that the edge effect is manifest in five radiators on each side of 
the array, then arrays where the number of radiators is more than a thousand 
may be considered large. 


6. The electrical parameters of a phased array can be calculated after its 
geometric dimensions have been selected. 


= 226 - 
FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


To precisely determine such antenna parameters as the directional pattern, gain 
and reflection factor, it is necessary to obtain a complete solution of the 
problem, i.e., find the input admittances of all the radiators (the central and 
edge ones) as well as the amplitude-phase distribution of the fields in the 
aperture. This calculation is extremely cumbersome and requires the use of 
high speed computers. 


The electrical parameters of antennas are approximately estimated as follows. 


The normalized curves for the change in the gain 


“gl @max= 008 OI —T?(0, 9) (11.3) 


2 (see (2.16)) for various values of d,/\ approxmately match each other up to 
angles at which diffraction maxima appear, and within this range of angles, are 
well approximated by the function: 


f (Oy) = (cos On + V cos 04)/2. (11.4) 


The gain along the normal is determined with respect to the width of the main 
lobe of the directional patterns in the two planes 20y and 26,: 


Gorax = 33 0000/ (2011-282), (11.5) 


(where n is the efficiency of the array), or based on the radiating surface of 
the array: 

Gray = 20L, Ly vy/i3, (11.6) 
where v is the surface utilization factor for the array, which depends on the 
amplitude distribution in the array. , 


The directional pattern is approximately calculated from the formulas for a 
continuous radiating aperture as a function of the amplitude distribution of 
the field in the aperture (see Table 2.1). 


Mutual coupling of the radiators somewhat changes the structure of the sidelobes 
of the directional pattern, which in this case, cannot be described by a suffic- 
iently simple analytical expression. 


7. The procedure considered here can be used for the approximate design of 
phased antenna arrays. It yields more precise results than calculations without 
considering mutual coupling of the radiators using the formulas of Chapter 2. 
Using this same procedure, the initial approximation can be calculated when 
constructing an algorithm for the more precise computer design of phased antenna 
arrays. 
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12. WIDE ANGLE MATCHING OF THE WAVEGUIDE RADIATORS OF PLANAR PHASED ANTENNA 
ARRAYS 


In a multi-element planar phased array, the radiators, in the form of open ends 
of rectangular waveguides, are placed at the intersection points of a generalized 
triangular coordinate grid (Figure 12.1). The following symbols are used in the 
figure: a and b are the waveguide dimensions; a' and b' are the dimensions of 
the window of a stop, placed in the radiator aperture; dy and dy are the spacings 
between the rows of radiators in an array along the X and Y axes respectively; 

a is an angle which defines the mutual arrangement of the rows of radiators in 
the array. In particular, when a = 90°, we obtain a rectangular grid and when 

a = 60°, a hexagonal grid. 


4» y x The end goal of designing the radiating 
— Taira element of a phased array is the wide 
: | 
‘{ [| |! 4 | [| angle matching of the radiator, i.e., 
aoe eee finding those geometric dimensions of the 
[foll (fen ot 7 array and characteristics of the matching 
| wal LUSH | | . devices for which the maximum reflection 
i oe oe factor in the feeders does not exceed a 
fo aera eat certain specified value within the scan 
e i ector. 
pot pe focae 
>) : 
fool ito ff 5 ( The most effective method of designing 
| If 1 | “T waveguide radiators for phased arrays, 
Sees tea matched in a wide range of angles, is a 


technique based on the calculation of the 
Figure 12.1. The layout of radiators radiator characteristics taking into 


in an array with a account the matching devices both within 
generalized triangular the feeder elements and outside of them, 
grid. with the subsequent variation of the para- 


meters in the problem of designing phased 
arrays until obtaining the requisite results [013]. The time and cost for the 
development of multi-element phased arrays with this method are significantly 
curtailed as compared to methods based on the experimental development of the 
radiators. The utilization of this method presupposes the presence of computer 
programs with which one can calculate the characteristics of a radiator based 
on the solution of the corresponding electrodynamic problem for a waveguide 
array with the matching devices for subsequent system optimization. 


12.1. Methods of Matching Waveguide Radiators in Planar Phased Antenna Arrays 


We shall treat the most widespread methods of matching the radiators of planar 
waveguide phased arrays. 

The Utilization of Dielectrics [08]. The use of dielectrics in antenna arrays 
leads to the appearance of additional parameters in the design problem. The 
presence of dielectric elements exerts a substantial influence on the distribu- 


tion of the fields in the waveguide apertures. For this reason, the choice of 
the parameters of dielectric elements such as the dielectric permittivity 
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and the thickness of the dielectric has a strong influence on the characteristics 
of an antenna array. 


For optimal matching, the choice of the parameters in an antenna array with 
dielectrics is best of all accomplished using the method of parameter variation. 
In this case, all of the parameters, with the exception of one, are fixed and 

the calculations are performed while changing this parameter in a specified range. 
The method of parameter variation is most effectively realized in a "man--com- 
puter" system, which makes it possible to narrow the range of values of several 


parameters. See) cht, eee de te Te eure 





oO YOO V4) 


2a $2 sind 


Figure 12.2. The absolute value and the phase of the reflection — 
factor as a function of the scan angle in the H-plane 
for an array of waveguides completely filled with a 
dielectric (d, = 0.5714 As a = 0.5354 i). 
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Figure 12.3. A phased waveguide array with dielectric inserts. 


We shall consider some design data to illustrate the influence of dielectrics 
on antenna array characteristics. 


Typical results are given in Figure 12.2 for a wavesuide array in the case of 
7 H-plane scanning when the waveguides are filled with a dielectric. We will note 
that the absolute value \r| and the phase arg [ of the reflection factor change 
little with a change in the scan angle, which makes it possible to have good 
matching of the antenna array in a wide range of angles (at least at one fre- 
quency), even in those cases where considerable reflection is present. The 
break in the curves considered here is due to the occurrence of a diffraction 


beam. 
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Figure 12.4. The absolute value and phase of the reflection factor as 
a function of the H-plane scan angle for an array of 
waveguides with dielectric inserts (e = 2; dy = 0.5714 A; 
a = 0.5354 i). 
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Figure 12.5. A phased waveguide antenna array with a dielectric 
coating. 


In the case where the antenna array waveguides have dielectric inserts (Figure 
12.3), an additional air--dielectric separation boundary appears. In this case, 
to control the characteristics of the radiators, two new parameters are added: 
the dielectric permittivity of the dielectric e« and the insert thickness t. For 
each value of the dielectric permittivity, one can find that insert thickness 

for which the absolute value and phase of the reflection factor change little 
practically throughout the entire working scan range, i.e., in the region where 
-only one main beam exists (Figure 12.4). However, the presence of a supplemental 
separation boundary leads to the fact that the dependence of the reflection 
factor on the scan angle becomes more sensitive to a change in frequency. More- 
over, if the absolute value of the reflection factor has greater values (see, 
for example, the curves for t = 0.3531 A), then the problem of matching the 
antenna array in the passband becomes complicated. With an increase in the 
dielectric permittivity of the insert, the task of broadband matching becomes 
even more difficult. Moreover, the presence of dielectric inserts can lead to 
the propagation of higher modes in the region of the waveguide filled with the 
dielectric, where these modes: are excited in the antenna aperture and disappear 
in a region not filled with the dielectric, something which at certain values 
of t can produce resonance peaks in the curves of the reflection factor. 
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irl _ "Figure 12.6. The absolute value of the 
10 the reflection factor as a 
“Nes: function of the scan angle 


for an array with a single 
layer dielectric coating. 

dy = a = 0.5714); € = 

. = 3.0625: 4, is the wave- 

length in the dielectric. 
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In the case where a dielectric coating is used in the aperture of a phased array 
(Figure 12.5), the reflection from the "coating--free space" separation boundary 
is used to partially eliminate the reflection from the aperture. Just as in the 
case of an antenna array with dielectric inserts, with the appropriate choice of 
coating parameters, one can make the reflection factor in the working band only 
slightly dependent on the scan angles. However, because of the fact that at 
rather large values of ¢, the beam deflection from the normal leads to the 
occurrence of a wave in the antenna array similar to a surface wave, which pro- 
pagates inside the dielectric, but decays in free space; an increase in the 
dielectric coating thickness above a certain critical value causes a resonance 
peak to appear in the curve of the reflection factor, the maximum value of which 
is practically equal to 1 and which, with an increase in the coating thickness, 
shifts in the direction of the normal to the array. A further increase in the 
coating thickness leads to the appearance of two and more peaks in the reflection 
factor curve (Figure 12.6). 


We will note that the curves of the reflection factor plotted as a function of 
the scan angle for an antenna array with dielectric inserts usually are of a 
more continuous nature than the corresponding characteristics of an antenna array 
with a dielectric coating. This is’ of considerable practical importance when 
matching an array. wa 


Thus, the use of dielectrics makes it possible to improve the antenna array 
matching during scanning. However, wide angle matching by means of dielectric 
inserts or coatings degrades the frequency response of the phased antenna array 
parameters as the result of the appearance of an additional separation surface. 
It was shown in the literature [08] that matching can, be improved in a wide range 
of scanning angles at a single frequency. The use of multilayer dielectric 
inserts or coatings makes it possible to improve the frequency properties of an 
element.: 


Stops in a Waveguide Aperture [1]. An advantage of matching by means of a stop 

is the lack of a finite spacing between it and the radiating aperture, which leads 
to a lower frequency sensitivity of the array. 

A waveguide radiator loaded with a stop is shown in Figure 12.7, in which a dielec- 


tric is incorporated to improve the matching. Here, e' is the dielectric permit- 
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tivity of the material filling the waveguide; ce, is the dielectric permittivity 
of the insert material; € and €4 are the dielectric constants of the dielectric 

‘ coating of the array surface; c, and c, are the distances from the center of the 
waveguide to the edges of the stop along the X axis: dy and dy are the distarices 
from the center of the waveguide to the edges of the stop along the Y axis. 
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Figure 12.7. A waveguide radiator 6 20 40 60 8° 
loaded with a dielectric 
and a stop in the aper-~ 
ture. 


Figure 12.8. The power directional 
pattern in the H-plane 
for a waveguide radiator 
loaded with a stop. 


The power directional pattern of the waveguide radiator depicted in Figure 
a 12.7 and arranged in a triangular grid is shown in Figure 12.8 for the following 
parameter values: d, = 1.008 A, dy = 0.504 A, a = 45°, a = 0.905 A, b= 0.4 A, 
e' = €] = €9:= €3 = 1 (the radiator is not loaded with a dielectric), dj = do = 
0.2 A, the parameters c, and cy are equal to each other and vary from 0.4525 d 
to 0.226 \ (the stop covers half of the waveguide aperture). The solid curve 
corresponds to the lack of a stop, while the dashed and dotted as well as the 
dashed curves correspond to the presence of stops which cover 25 and 50% of the 
aperture area of the waveguide respectively. In the absence of a stop, a 
sharp dip is observed in the directional pattern at an angle of 6 = 34° (although 
the diffraction beam appearance angle is approximately 60°). The introduction 
of a stop shifts the dip from the direction normal to the antenna aperture. A 
further increase in the area occupied by the stop leads to a reduction in the 
radiation along the normal to the surface and to overcompensation for the mis- 
matching of the array. In this case, the presence of the stop does not degrade 
the characteristics of the array in the E-plane and D-plane (diagonal plane, 
i.e., at an angle of 45° to the E and H planes). 


Eliminating the dip in the directional pattern of an element is an important 
feature of the method of matching by means of stops, which makes it possible 
to simply and effectively solve the problem of combatting anomalous "blinding" 
of the array. 

The reflection factor is shown in Figure 12.9 as a function of the scanning 


angle in the H, E and D planes for the waveguide radiator depicted in Figure 
12.7 and arranged in a triangular grid, for the following parameter values: 
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Figure 12.9, The reflection factor as a function of the scan angle 
for a waveguide radiator loaded with a stop and a 


dielectric. 
d, = 0.9225 A, dy = 0.27 4, a = 30°, a = 0.905 4, b = 0.187 A, e' = 1, ey = 2.56, 
en = 1, €3 = 2.6, ty = 0.984 A, to = 0.061 A, tz = 0.101 A, dy = dy = 0.0935 2 
and cy = Cy = 0.2715 A 


One can note slight deviations of the reflection factor in the scan sector, which 
makes it possible to effectively match the antenna array. 


Thus, the use of stops as matching elements can substantially improve phased 
array matching in a wide sector of scan angles in a rather broad bandwidth, 

as well as significantly shift the resonance dip in the directional pattern of 
a radiating element from the direction normal to the array aperture, or even 
eliminate it. The simplicity of fabricating stops is also to be noted. 


12.2. Matching With a Fixed Scanning Angle 


The radiating aperture of a waveguide element in a phased array represents a 
complex load for the exciting waveguide where this load changes during scanning. 
The conventional matching four-pole network inserted in the feed channel for 
each element can match the feeder to the load for a certain scanning angle, 
however, a considerable mismatch ‘will be retained for the other angles because 
of the fact that the conventional matching four-pole network does not change 

its parameters with a change in the scanning angle. However, if one can before- 
hand manage to have the reflection factor change in a relative small range 
within the scan sector (for example, by using a dielectric or stops in the 
waveguide aperture), then the use of matching for some of the scan angles will 
make it possible to achieve better matching of the phased array throughout the 
entire sector. As a rule, matching consists in introducing an additional 
inhomogenéity into the radiator waveguide, where this inhomogeneity creates a 
reflected wave equal in amplitude and opposite in sign to the wave existing in 
the line which is reflected from the load. 


An equivalent circuit for the connection of a feeder to the waveguide radiator 
of a phased array is shown in Figure 12.10 [2]. The insertion admittance of the 
radiating aperture which depends on the scanning angles is expressed in terms 

of the reflection factor T in a given cross-section by the well known-relation- 
ship: 

IP.) 1, 


¥o(0, 9) = Ga(0, 9) + {Ba = -TH6. 9) bo: (12.1) 
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where B,(8q; $9) is the reactance of the matching device which compensates for 
the reactance introduced by the radiating aperture at the specified scan angle; 
No is the transformation ratio of the ideal transformer which serves for match- 
ing the characteristic impedance of the feeder to the resistive component of 
the radiator input impedance; p, and pg are the characteristic impedances of 
the feeder and the waveguide radiator respectively. 


Inductive and capacitive stops as well as inductive rods are used most often as 
the compensating reactances in waveguides. 


i Goanacyiowee | | 
| Yompotembo (1) 


Figure 12.10. The equivalent circuit 
for matching a feedline 









4A, to a radiator. 

Key: 1. Matching device. 
FOL hhh hhvkrahebabebarteat wenthahee oe : 
i i 
Hy H 
| 
Ni TILA a Ah hhh hhh orkudhokokad - 
c 
Figure 12.11. An inductive stop in a Figure 12,12. An inductive rod in a 


waveguide. waveguide. 


An inductive stop (Figure 12.11) can be asymmetrical in the general case and 
is characterized by the width of the window d and the thickness b, as well as 
the spacing br.ween the centers of the waveguide and the stop window, c. 


The following approximate formula can be used for the calculation of the normal- 
ized susceptance of a very thin (8 << d) stop: 





aw tye BH (14. sect 2H =) (12.2) 
By tg? SE (1 4-see a , 
where: 

an X 

— Vi=@eay (12.3) 


is the wavelength in the waveguide. 
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For a symmetrical stop (c = 0): 


Bu—Actg = , (12.4) 
a 2a 


while for a one-sided stop [c = (a - a)/2]: 


Bu cig (1 sec? 24 ten"), (12.5) 
a 2a 2a. 2a 

The finite thickness of a stop can be approximately taken into account by substi- 

tuting the quantity d - 6 in place of the quantity d. For inductive stops, the 

influence of the finite thickness is comparatively small. 


The Inductive Rod (Figure 12.12). The normalized susceptance of an inductive 
2 rod is calculated from the approximate formula: 


Bm — = see(=) In (e052) (12.6) 
a \a r 2 

which yields adequate precision in the cases of practical importance. 

The Capacitive Stop (Figure 12.13). An approximate formula for the calculation 


of the normalized susceptance of a capacitive stop, assuming that its thickness 
is infinitely small, has the form: 





cH), : | (12.7) 


Bx —* in cosec “4. sec 
A . 26 


Taking the finite thickness into account is accomplished by adding the follow- 
ing correction factor to B: 


nb fb 
AB=—— aoa (12.8) 
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Capacitive stops reduce the electrical 
strength of the waveguide channel and. 
thereby decrease the power which can be 
transmitted through the waveguide. For 
this reason, they are rarely used as 
matching elements. 


| 
| 


c 
i! 


AS ad ed 






Matha hthrathelhhdhdhhenhchlhakdbuhelcckeh heh 





Ul Lhedch ah ahanhututethe 





A more precise calculation of the 
matching reactances can be made using 
Figure 12.13. A capacitive stop in a the graphs given in [3]. 
waveguide. 


Quarter-wave transformers, continuous or stepped transitions, etc. can be used 
as the ideal transformers, the detailed design procedure for which is also given 
in [3]. 
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Thus, the design of a waveguide radiator for a planar phased antenna array, 
matched in a wide range of scan angles, is carried out in the following order: 


1. The array geometry and dimensions of a radiator are selected (see Chapters 
2 and 11). 


2. The matching device in the radiator aperture (dielectric, stops, etc. ) is 
selected using the method of parameter variation on a computer to obtain the 
minimum change in the reflection factor within the scan sector. In this case, 
a certain correction of the array geometry and radiator dimensions is possible. 


3. The matching device in the radiator waveguide is selected to obtain a reflec- 
tion factor in the feeder for all scanning directions no greater than the 
permissible factor. 


There are a program and description of an algorithm for the calculation of the 
directional pattern and reflection factor for a waveguide radiator in a planar 
array in the library of algorithms and programs of Moscow Aviation Institute, 
where this program and algorithm can be used to calculate the characteristics 
of a waveguide radiator for a specified array geometry and parameters of the 
matching devices as well as to optimize the radiator characteristics by mears 
of dynamic programming. 
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CHAPTER 13. SLOTTED RESONATOR RADIATORS FOR PLANAR ANTENNA ARRAYS 


Slotted resonator antennas are used in the microwave band as independent antennas 
as well as in the form of radiators for antenna arrays (AR) with linear, ellip~ 
tical and controlled polarization of the radiated field. It is most expedient 

to use them at wavelengths of 10 to 60 cm. 


A merit of slotted resonator radiators is the possibility of combining them with 
the metallic surface of the objects in which they are installed. 


A single slotted resonator radiator takes the form of a slot cut in a conducting 
shield, where the slot closes a metal cavity (the resonator) and is excited at 
one or more points by means of coaxial or striplines. Excitation directly in 
the plane of the slot makes :t possible to not only tune to resonance with a 
small resonator depth, but to match the input impedance of the slot in a 
structurally simple manner to the characteristic impedance of the exciting feed- 
line, by displacing the connection point of the feeder relative to the center 
of the slot. 


The major characteristics in the design of antenna arrays made of slotted 
resonator radiators are: the input impedance of the radiator incorporated in 
the antenna array as a function of the scanning direction; the geometry of the 
array and radiator; the partial directional pattern of a radiator; the polari- 
zation characteristics (for elliptically polarized radiators). In the case 
where a slotted resonator radiator is used as an independent antenna (for 
example, in telemetry, communications, etc.), the major characteristics are: 
the input admittance within the passband [as a function of frequency], the 
directional pattern and the polarization characteristic. 


A complete analysis and the optimization of the indicated characteristics can 
be made only by means of mathematical models close to the actual devices and 
the study of these models by rigorous methods of electrodynamics. 


13.1. Analysis of the Characteristics of a Slotted Resonator Radiator 


The analysis is based on the solution of Maxwell's equation taking into account 
the boundary conditions at the appropriate surfaces. 


The following model has been adopted for the antenna arrays (Figure 13.1). Each 
radiator is excited by a system of N sources at the points nj (i= 1, 2, ...). 
Each source takes the form of an electrical current sheet with a density of ing 
(nj - y), directed along the OX axis. With the action of the field produced 

by the sources, such a distribution of the magnetic current density jl(x, y) 
arises in the slot that the tangéntial cémponent of the electrical field inten- 
sity vector is equal to zero at the surface of the shield and is continuous in 
the slot, while the tangential component of the magnetic vector in the slot 
satisfies the condition [1]: 


N 
{n, Ho — HU} = |» in, ug) Xo, (13.1) 
* tel 
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where H(1) and H{1T) are the magnetic field intensity vectors for the regions 
under consideration; region I is the dielectric coating (0 < z < xg), region 
II is the resonator (-h < z < 0) (see Figure 13.1); n is a unit normal; xq is 
a unit vector along the OX axis. 


Taking (13.1) into account, one can derive the following integral equation for 
the unknown electrical field distribution E,(x, y) in the slot [2] both in the 
case of an antenna array [4, 6] and in the case of an individual radiator [3, 5]: 
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where S, is the slot area; (x, y) and (x', y') are the coordinates of the obser- 
vation point and the integration point respectively; 6, ¢ are the angles in 
spherical coordinates; €g is the absolute dielectric permittivity; €,, e2 and 

€3 are the relative dielectric permittivity of the dielectric coating, the 
resonator and the space above the coating respectively; Cy and Co are complex 
constants of integration; £(nj - y) is a function which takes into account the 
specified features of the excitation of the oe (one usually takes f(nj - y) 


= 6(nj - y), where S(n; - y) is a 6 function); is the complex amplitude of 


Ty id 
the exciting current; 


0 — for a single radiator 
p= , 
nee 2) ANU) 1 2 ALM) for a radiator in an antenna array 


AYU we J Ext 6 Sy) GEO ay! dy’; 


Sin 
A; = [ EQ y)—— am ~ de! dy’. 


Six 


To find E,(x', y') from integral equation (13.2), it is necessary to employ 
regularizing methods. This is related to the fact that the solution of equation 
(13.2) is an improper problem: as great a change in the solution as desired 
can correspond to a small change in the right side of (13.2). One of the 
regularizing methods which makes it possible to obtain a solution of (13.2) 
with a sufficient degree of precision is the autoregularization technique of 
[2]. The basis for the method is the hypothesis of the smoothness of the 

7 solution and apriori information on the type 1/4nr integrable singularity in 
the nucleus of equation (13.2). By employing a piecewise constant approximation 
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Figure 13.1. Slotted resonator structures. 
Antenna array with a dielectric coating (rectangular 


grid); 
b. Triangular grid for radiator layout; 
c. Single radiator. 


Key: a. 


for the desired function and segregating the singularity from the nucleus of 
(13.2) when the observation (x, y) and integration (x', y') points coincide, 
one can derive a system of linear algebraic equations which have a stable 


solution. 

Equation (13.2) was reduced to an algorithm on a computer in papers [3-6] by 
the autoregularizing technique and the distribution E,(x', y') was found which 
is needed to determine the characteristics of a single radiator and a radiator 


incorporated in an antenna array. The program written in Algol-60 is in the 
library of algorithms and programs of Moscow Aviation Institute. The input 
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admittance Yy; is defined as the ratio of the current thi to the voltage at the 


points nj: 
dj2 
On, = | E. (x, 9) dx, 
—d/2 vn; 
Yn, =G--jB = Is [Un (13.3) 


The directivity function g(@, $) of a slotted resonator radiator incorporated in 
an antenna array, in a single beam scanning mode, which coincides with the 
normalized partial directional pattern of a radiator with respect to power, F2 
(6, 6), with a precision of within the constant factor 41S/A“, is defined as: 


£(0, ¢)=85 cos O[1 [1 (, WF | (13.4) 


Here, S = dyd sin a; 


y 
= cae (13.5) 
V0, p) = WA (0, @ —- ¥ (0, gl 


is the reflection factor, Y(@,-¢) is the input admittance at the excitation 
point normalized with respect to the exciting feeder. When a radiator is 
= excited at several points: 


ny 
Y (0, 9) = 4 Yu, (0, 4). 


The directional pattern of a slotted resonator radiator, used as an independent - 
antenna, is found from the known field distribution in the slot E,(x', y'). 


13.2. The Characteristics of a Slotted Resonator Radiator as a Independent 
Antenna 


Functions were derived based on the program for the solution of integral equation 
(13.2), where these functions are recommended for the calculation of the reso- 
nant* operating mode of an antenna. The results of the numerical calculation: 
are given in Figures 13,2--13.4. 


Figure 13.2 illustrates the conductance component G of the input admittance Y 
as a function of the position of the antenna excitation point relative to the 
center of the slot in the resonant operating mode (B = 0) for various relative 
widths (dy/d) [(doyo¢/4)] and lengths (21/\) of the slot. Curves for the 
relative width of the resonator (a/A) are shown in Figure 13.3 as a function of 
its relative depth (h/A) when B= 0, The voltage standing wave ratio Ket u 
[VSWR] curves for the antenna as a function of frequency are shown in Figure 
13.4 for various slot widths. 


*The resonant operating mode of an antenna is understood to be that mode in 


which the reactive component of the input admittance of the antenna is Yng = 
0. 
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Figure 13.2, The conductance of a Figure 13.3. Resonator width a/) 
slot (B = 0) as a function as a function of the 
of the position of the depth h/\ when B = 0. 
excitation point relative 
to the center of the slot. We shall consider a specific example 
5 , of the determination of antenna para- 
cy 


meters which assure a matched operating 
mode of a slotted resonator antenna 
with an exciting feeder having a 
characteristic impedance of p = 100 
ohms with a bandwidth of about 124 for 
a VSWR of 2 with slot dimensions of 
21/. = 0.6 and d,jo¢/2A = 1072. Since 
the antenna and the feeder are matched 
3 when G = 1/p, we find the point corres- 
Diet pss “fe ae ponding to G = 10: 1073 ohms~! on the 

" curve for the specified slot djmensions 
(21/A = 0.6 and dgyo¢/24 = 107°). The 
abscissa of this point, which defines 
the displacement of the excitation 
point relative to the center of the 
slot is equal to 0.249 4}. The resona- 
tor dimensions which assure a resonant 
operating mode of the antenna are 
chosen from the graphs of Figure 13.3. For example, if it is important because 
of structural.considerations to keep the depth of the resonator h small (approxi- 
mately 0.1 4), then for a slot of the same dimensions, the width a and length b 
of the resonator should be 0.375 A and 0.6 id respectively. 






7 eae 4 
Gd G9u- 098 100 10? = 06 ah ty 
Figure 13.4. The SWR as a function of 


frequency for various 
slot widths. 


13.3. The Characteristics of a Slotted Resonator Radiator in a Planar Antenna 
Array 


Curves for the conductance component G and susceptance component B of the input 
admittance Y of a slot antenna incorporated in an antenna array with various 
dielectric coatings (ce, = 3, 2.35) are shown in Figure 13.5 as a functtion of the 
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Figure 13.5. The conductance and reactive component of the input 
admittance of a radiator incorporated in an antenna 
array as a function of the scan angle in the E and 
H planes: rectangular grid, dy = 0.64 and 22/A = 0.5. 
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Figure-13.4, The amplitude (a) and phase (b) distributions of the 
oo . electrical field over the slot. 


' dy = dy = 0.64; 22/A = 0.5; the dashed curves are for E- 
plane scanning; 6 ~ 42°; the dashed and dotted curves 
are for H-plane scanning, 6 ~ 40°; the solid curves are 
the characteristic distribution. — 


scanning angle in the E and H planes when each radiator is excited at a single 
point (nj = 0). The dielectric coatings have a substantial influence on the 
distribution of the fields and the mutual coupling of the radiators in the array. 
For this reason, the correct selection of the parameters €, and xXg is quite 
important in the design work. It can be seen from Figure 13.5 that with an 
increase in €,, the absolute values of G and B change significantly, and with 

an increase in the thickness of the dielectric coating, the range of variation 
in these parameters increases (the angle 6_, for the occurrence of the first 
diffraction lobe is noted). 


Curves for the amplitude and phase distributions of the electrical field in the 
plane of the slot are shown in Figure 13.6 for various operating modes of a 
radiator incorporated in an antenna array. As can be seen from Figure 13.6, when 
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Figure 13.7. The influence of the quantity €, on the total input 
2 admittance. 


9 = 42° (the occurrence of the first diffraction lobe), the field distribution 
along the slot differs sharply from a sinusoidal distribution when scanning 
in the E-plane and is asymmetrical and out-of-phase in the H-plane. The most 
characteristic amplitude-phase distribution of the field in an array with a 
dielectric coating where ¢, = 3 is shown in Figure 13.6 with the dashed curve. 


‘Figure 13.7 illustrates the influence of the relative dielectric permittivity 
€, on the somponerits of the input admittance of a slotted resonator radiator 
incorporated in an antenna array with a triangular: grid where the coating thick- 

ness is Xg = 0.05A¢ and for the case of E-plane scanning. 


13.4. The Optimization of the Characteristics of a Slotted Resonator Radiator 
in an Antenna Array 


When designing a phased antenna array, it is necessary to assure a minimal 
reflection factor [(6, $) in the specified scan sector and frequency band. The 
optimization of a radiator incorporated in an antenna array at a fixed frequency 
is accomplished by means of minimizing the function [08]: 


= (firora- (fre & (13.5) 


CH 


where cK [8scan] is the specified scanning sector. 


The optimization was carried out using the method of local variations in a 
_"user -- computer" dialog mode, which made it possible to narrow the range of 
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values of the parameters needed to obtain the requisite characteristics. The cal- 
culation of the double integral in formula (13.6) was carried out for three sec- 
tions: ¢ = 0, 1/2 and 1/4. The optimization was accomplished in the specified 
sector O8¢can through the choice of the geometry of the array and radiator, and the 
parameters of the dielectric coating €, and Xg. 


FAS) 





10 20 30 408° 


Figure 13.8. Optimization of the E-plane Figure 13.9. The frequency curves for a 
directional pattern of a radiator within the sector 
radiator. of scan angles. 


Curves for G(@) and B(@) in the E and H planes of an optimized radiator for a 
rectangular grid are shown in Figure 13.5. It can be seen that by selecting the 
parameters €, and s, one can achieve a smooth change in these curves in an angular 
sector of @ = 0 to 45° (e, = 2.35; xg = 0.054g). Similar optimization results in 
the E-plane for an arrangement of the radiators in a triangular grid are shown in 
Figure 13.7 (see the curves for €, = 2.25). 


The normalized power directional pattern of a radiator F2(6, 6) = (A2/4nS)2(0, 9) 
is shown in Figure 13.8 for a nonoptimized (ce, = 1 and e; = 3 and an: optimized 
(e, = 2.35) slotted resonator radiator incorporated in an antenna array. 


The frequency characteristics of Y(0) for a rectangular grid in the E-plane of a 
radiator optimized at the center frequency fg are shown in Figure 13.9. The 
working bandwidth at a level where the SWR is 2 is about 10 percent. We will note 
that for complete optimization of the radiator, working from the specified sector 
and frequency coverage, it is necessary to minimize (13.6) within the passband. 


Matching of the radiators incorporated in an antenna array to the excited device is 
usually achieved for 6 = 0. This can be achieved for the radiators considered 
here by means of shifting the excitation point relative to the center of the slot 
(see Figure 13.2) for each radiator. To find the precise position of the excita- 
tion point nj in the plane of the slot, it is necessary to use the program for 
calculating the characteristics of a radiator by the autoregularization method; 
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during the design stage, one can use the functions shown in Figure 13.2 with a 
high degree of confidence. 


13.5. Examples of the Realization of Slotted Resonator Radiators 


Structural designs of slotted resonator radiators excited by a miniature coaxial 
cable (Figure 13.10a) or by a stripline or a system of striplines in the case of 
excitation at several points (Figure 13.10b) are shown in Figure 13.10. 


The stripline conductor (3) is run inside the resonator until it intersets the slot 
1 and is shorted at a certain spacing from the slot by the jumper 4. The stripline 
conductor is coupled to the exciting feeder by means of the coaxial to stripline 
transition (5). The choice of the dimensions of components 3--5 for matching is 
accomplished experimentally. The structure shown in Figure 13.10b is used to 
obtain radiation with circular polarization. A schematic of the excitation is 
shown in Figure 13.1la and its stripline realization is shown in Figure 13.11b. 
The circuit provides for the excitation of each slot at two points and a phase 

. shift of 90° between the slots. Radiator inputs 1--4 in Figure 13.10b are con- 
nected directly to outputs 1--4 of the excitation circuit (see Figure 3.1lc [sic]) 
by means of the coaxial to stripline transitions (5). The stripline excitation 
device consists of a 3 dB divider and two 3 dB directional couplers; the charac- 
teristics and parameters of the directional couplers can be determined using the 
procedure ‘set forth in Chapter 22 and 23. The excitation of each slot at two 
points provides for 20 to 25 dB of isolation between the slots with respect to the 
feed. 


densa (TTT Somers ae ene tae ttre ss a een eterenew eee mormene eepraninseominny orem Seunans mmm mee ea 


Input 4 A004 
1 






6) (b) 


Figure 13.10. Ways of exciting a slotted resonator radiator with a 
coaxial cable (a): 


Key: 1. Rectangular slot; 
2. Resonator; 
3. RF connector; 
4. Coaxial cable; 


With a stripline (b): 
1. Orthogonal slots; 
2. Cross-shaped resonator; 
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[Key to Figure 13.10, continued]: 


3. Stripline; 
4, Shorting jumper; 


q 5. Coaxial transition. 
ay “oe 5 
Output Cad 2 
00 4 
hyx00 F ferod 4 


G 4 
Soeur 4 





Figure 13.11. Circuit configuration for the excitation of a slotted 
resonator with rotating polarization of the field. 


Key: a. Electrical circuit; 
b. Topology; 1. 3 dB divider; 
1. 3 dB divider; . 
2. Directional couplers with front coupling. 


13.6. The Design Procedure 


The design procedure for a slotted resonator radiator as an independent antenna 
where the characteristic impedance of the exciting feeder, the dimensions and the 
bandwidth are specified is accomplished using the functions shown in Figures 13.2 


to 13.4. The directional pattern and gain of the antenna are found from the 
4 formulas derived, for example, in [0.1, 02]. 


The design procedure for phased arrays of slotted resonator radiators is similar 


to the general procedure for the design of antenna arrays based on specified 
technical requirements (see Chapter 2). 


The characteristics of an individual radiator as part of an antenna array can be 
computed using the program which makes it possible to assure a resonant mode (the 
selection of the dimensions a,b, h and 22), achieve matching (the choice of ej 


when 6 = 0) and optimize the radiator characteristics within the scan sector. 


However, the following procedure for working with the program in a user--computer 


dialog mode is expedient for the cfficient utilization of the machine time: 
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1. Working from the value found for the array step h, determined by @6scan (see 
Chapter 2), we choose the slot length 22 and the resonator b > 22 (Figure 13.1). 


2. Working from the specified value ¢, for the dielectric coating.and the struc- 

tural requirements for the dimensions a, h and xg, we find the resonator oper~ 

ating mode of the radiator (B = 0) and optimize it (the most expedient range of 
Y change for a/2 and h/A are respectively: 0.1 < a/A < 0.5 and 0.1 < h/d). 


3. We achieve matching to the radiator excitation circuit by shifting the point 
e; (in a first approximation, this displacement can be determined from the graph 
in Figure 13.2). 

4. The gain of a radiator incorporated in an antenna array, g(6, 6) is determined 
from (13.4), while the radiator directional pattern is determined using the 
formula: F(B, $) = (A2/47S)g(6, 6). 

5, Where necessary, the bandwidth is calculated for tne radiator incorporated in 


the antenna array (see Figure 13.9). The bandwidth of an optimized radiator is 
approximately 10 percent for a VSWR of 2. 
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14. RADIATING WAVEGUIDE MODULES WITH REFLECTIVE PHASE SHIFTERS 


14.1. The Modular Design of a Phased Antenna Array 


Regardless of the structural configuration of a phased array, homogeneous units can 

be singled out in it which consist of a number of microwave elements and devices. 

These units are joined together by a distribution feeder. Units of a modular ' 

design are employed to provide for production suitability of phased antenna arrays 
- and to standardize their structural design. 


The basic elements of a module are the radiator (or a group of them), phase shifter 
and an element for coupling the distribution feed line. The presence of isolation, 
tuning and other auxiliary assemblies is also possible. 








MORO 
sampixamen 
a) Od i ) 
(a) -  (b) (c) 


Figure 14.1. Configurations of radiating modules. 
a. With a feedthrough phase shifter and a 
matched load; 
b. Without it; 
c. With a reflective phase shifter. 


Key: 1. Short-circuiter. 


The basic configurations of modules are depicted in Figure 14.1. A module with a 
coupling element in the form of directional coupler is depicted in Figure 14.1a, 
where arm of the coupler forms a distribution feeder section, while the other is 
loaded into a feedthrough phase shifter with a radiator and an absorbing load. 

The absorbing load is provided to compensate for re-reflections which occur in the 
module. A module is depicted in Figure 14.1b in which the coupling element is a tee. 
A module is depicted in Figure 14.le which contains a radiator and a directional 
coupler with a reflective phase shifter in one of the arms. The paths for the , 
distribution of the electromagnetic wave to the radiator are indicated by the 

dashed arrow lines in these figures. 
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The greateest value of the directional gain of an array is achieved in the phased 
array shown in Figure 14.2. The impact of various kinds of distortions and mis- 
matching on the directional gain is substantially attenuated in this circuit be- 
causé of the use of directional coupler with absorbing loads. 


Variants of waveguide modules have been considered, however, the theoretical 
results and circuits of the modules are also applicable to other types of micro- 
wave lines. 


14.2. Multiposition PHase Shifter for a Module 


The basis for a multiposition phase shifter is an extremely simple series produced 
phase shifter using semiconductor n-i-p-i-n diodes with four phase positions 
(Figure 14.3) [1]. It has the following main parameters: working frequency of 

7.7 GHz, Discrete phase step of A = 1/2, average thermal losses of from 1.2 to 1.6 
dB, switching current of 100 + 10 mA, switching voltage of 1 volt and an ultimate 
microwave through power of from 10 to 15 KW and an average power of up to 10 watts. 


The thermal losses introduced by phase 
shifters govern the efficiency of an 
antenna and its gain. These losses 
are determined by the quality of the 
diodes used in the phase shifters [1]: 


K=r / 





r 
rev loss’ for loss’ 


where rrey loss is the reverse loss 
. resistance of the diode; rfor loss is 
the forward loss resistance of the 
diode. The relative gain of an 
antenna, G, is plotted in Figure 14.4 
as a function of thd discrete phase 
control step, A. The quality of the 
switchers is the parameter in these 
graphs. In centimer band series 
produced diodes, the quality figure 
fluctuates from 300 to 1,000. In the 
case of large values of the discrete 
phase control step (A > 1/2), the 
antenna gain is low because of the 
large switching errors in beam steer- 
ing, i.e., because of the low direc- 
Figure 14.3. A reflective phase shifter tional gain. With a decrease in A, 
with n-i-p-i-n diodes. the thermal losses increase, but the 
directional gain rises more rapidly, 
right up to a certain value of A, 
which depends on the quality of the 
switchers. 


Figure 14.2. Schematic of an antenna 
array with a series distri- 
bution of the energy. 





Key: 1. Waveguide; 2, Partition with 
the switched slot; 
3. n-i-p-i-n doide. 
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Figure 14.4. The antenna gain::as a func- Figure 14.5. Schematic of a through 
tion of the discrete step transfer bridge phase 
of the phase shifter and shifter with N and 
the quality of the n-i-n-i-n ; 2N discrete phase state 
diode. steps. 


Thus, the maximum value of the coefficient is achieved when m/4 < \ < 12, and as 

' follows from the graphs of Figure 14.4, circuits with four and eight phase states 
have the same gain. However, the fewer the number of discrete steps N + 2n/A, the 
higher the sidelobe level and the lower the beam steering precision. Moreover, the 
line--column method of controlling the phase distribution which is widely used at 
the present time leads to a doubling of the phase errors in the aperture and cor- 
respondingly requires a reduction in A. For this reason, phase shifters with 
eight phase states are to be prefered. 


One of the widespread and simple circuit designs for through transfer phase 
shifters based on reflective configurations is a circuit which employs a slotted 
waveguide bridge (Figure 14.5). The operational principle of a slotted bridge is 
: described in the literature [2]. ‘Such a 
through transfer phase shifter, in the case of 
sequential switching of the switching elements 


TABLE 14.1 - synchronously in two reflective phase shifters 
provides for a number of phase !states equal to 
ee the number of phases of a single reflective 
12345... p pei... 2N phase shifter N. 
ae The doubling of the number of discrete phase 
gq }tl223...é@ i gaa: oN 


states (2N) is achieved by inserting a static 
ee ee aa A/4 phase shifter in one of the arms of the 

miOli22...d-lb  ... bridge (opposite the input), which is equiva+ 

lent to lengthening this arm by the amount: 





ee ce oo a 


l= r_/4N, | (14.1) 


where Ap is the wavelength in the waveguide. 
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The switching of the switching elements in a through transfer phase shifter takes 
- place sequentially: first in one reflective phase shifter, then in the other. 


The switching sequence for reflective phase shifters to obtain a through transfer 
phase shifter with two N phase states is show in Table 14.1. The following 
symbols are used in the table: n = q +m is the number of the phase state: of the 
feedthrough phase shifter with two 2N phase states; q and m are the phase state 
numbers of the upper and lower reflective phase shifters respectively (Figure 14.5). 


Such a circuit configuration for reflective phase shifters is called a circuit with 

= double the number of discrete phase values. The scattering matrix of an ideal 
phase shifter has the following form with a precision of down to the common phase 
multiplying factor: 


1S} ily oia/2 Mp Ky | 
Kw lp : (14.2) 


aame | Heeinte an Also 4 


Ky == Cos [cam a ae exp — j (nA, |: ) |, 


where A = 2n/N is the discrete phase step of the reflective phase shifter; A, = 
= n/N = A/2 is the discrete phase step of the feedthrough phase shifter. 


The constancy of the absolute values of the coefficients Kg and T'y is achieved 
through the selection of the phase shift A/4 and the switching algorithm for the 
diodes, which is given in Table 14.1, from which the follows the condition: 


4 n—(° np uetHom n, for even np 


(14.3) 
pH HeweTHOM 2. for odd ne 


When condition (14.3) is met, the absolute value of the transmission gain is 
constant and equal to cosA/4. 


By adducing similar arguments concerning the absolute value of the reflection 
factor, we find that it is also constant and equal to sinA/4. 


The errors in slotted bridge operation and the thermal losses in the switchers 
_have an influence on phase shifter characteristics. The transmission and reflec- 
tion factors for an ideal feedthrough phase shifter with two N states are 
expressed as follows: 








ae ol I ees Tr é A A A 
K= j2xQ ( a a) exp [--i(# rae. +) cos +} 
-[-c-} 20-°Px({—l_.- 10 n A. A\ene A - 
| Q “ty |x )exp| ja(n all ec ; (14.4) 
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ory a af, A 
xz —19%20-1 3 nA 
P= jx? Q) i roma exp] i(n 5 : 
+ ox elt/2 1. 20-2ex3 (sa) exp | —j2 (x = -+ +) sin + : 
PNG (14.5) 


where Q is are the power losses in the phase shifter which are due to the quality 
of the switchers K; T is the reflection factor from the input of the slotted 
waveguide bridge; c is the decoupling of the slotted bridge; x = /b/d/ is the 
division factor with respect to the field between the output arms of the slotted 
waveguide bridge (for an ideal 3 dB bridge, «x = 1). 


The relationship between these coefficients is determined by the equation: 
PP+ [oP + cP+ ld Pet. 


- In seriiés produced slotted waveguide bridges: 


r = 0.1 to 0.15; c = =20 to -25 dB; b2d. 


, For feedthrough and reflective phase shifters [1]: 


on(1 |: »/ BE), ae + fey. _ (14.6) 





The first term in (i4. 4) for the transmission gain K} determines the amplitude and 
phase at the output of a feedthrough phase shifter, while the second and third 
terms determine the amplitude and phase errors of the phase shifter which are due to 
the error din the parameters of its components. 


The maximum relative amplitude error o, and the maximum phase error v are determined 
by the expressions: 


129-4 Px( a ot) ems 
1] 2 2 


Cn =} 


l A 
2Q-! x(; Tex a ae 














c-|-2Q-2 Tx --) eos 
v==arcsin, ——_——_—+_____+_ a 
2Q-" Te Te ae (14.7) 
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The mean square value of the efficiency of a feedthrough phase shifter with respect 
to all of the phase states is: 


ON 
1 rte 
Nep= Sy Y | Kole. (14.8) 


nazi 


14.3. Microwave Bridge Devices for Feedthrough Phase Shifters 


There are two types of bridges which are the most widely used in a waveguide 
design: H-plane bridge, which takes the form of the connection of two rectangular 
waveguides at the narrow wall (Figure 14.6a) and an E-plane bridge, which takes 
the form of the connection of two waveguides at the wide wall (Figure 14.6b). 

- These bridges are called forward directivity devices. The wave incoming to the one 
of the arms (1 and 2) of the bridge (Figure 14.6) is divided equally between the 
arms which are opposite each other (3 and 4), without changing the direction of 
propagation. 





Figure 14.7, Schematic of an inverse Figure 14.8. A through transfer phase 
directivity slotted wave- shifter with a reverse 
guide bridge. directivity bridge. 
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The input and output of a through trensmission phase shifter using these bridges 
prove to be arranged in a row, something which is structurally inconvenient. For 
this reason, reverse directivity slotted bridges are used (Figure 14.7) [3], in 
which the opposite inputs are separated. They consist of two series connected 
slotted waveguide bridges I and II (Figure 14.7), which are coupled to each other 
by identical reactances III with identical susceptances jB. 


The effect of the reactances reduces to the reflection of the incident wave. The 
reactances are chosen so that the reflection and transmission gains are equal. 
When a wave is incident at input 1 of bridge I, it does not pass through to arm 2 
by virtue of the cancelling effect of the wave reflected from reactance III. In 
this case, the waves passing through the reactances add in arm 3 of bridge II. 


A schematic drawing of the wave motion inside the bridge is shown in Figure 14.7. 
The dashed lines indicate the motion of the reflected wave while the solid lines 
show the wave passing through. 


When reflective phase shifters are connected to arms 2 and 3, the device is con- 
verted to a feedthrough phase shifter, the input and output of which are diamet- 
rically opposite, Such phase shifters using an E-plane slotted waveguide bridge 
has extremely small transverse dimensions, which are determined by the size of the 
wide wall of the waveguide and a doubled dimension for the narrow wall, because of 
which they are used in transmissive phased arrays with wide angle scanning. 


A variant of a reverse directivity bridge is a directional coupler, consisting of 
two rectangular waveguides which are coupled by a cross-shaped coupling hole 
(Figure 14.8). The waveguides are laid on each other and offset by half of the 
wide wall width. With 50 percent coupling between them, a directional coupler is 
a waveguide bridge with reverse directivity. When a wave impinges on arm1l, it is 
divided equally between arms 2 and 4. Arm 3 proves to be decoupled from arm 1. 


By connecting reflective phase shifters to arms 2 and 4, we realize a transmissive 
phase shifter (Figure 14.8). The resulting structural design proves to be rather 
compact, since its vertical dimension is determined by twice the height of the 
waveguide, while the transverse dimension is approximately equal to y. 


14.4. The Design of a Radiating Module of an Antenna Array 


A module with an absorbing load (Figure 14.9, also see Figure 14.1a) takes the 
structural form of two waveguides (1 and 2) arranged orthogonally one on top of the 
other, and coupled via the wide wall with a coupling hole (3). An absorbing load 
(4) and feedthvough phase shifter (5) (see §14.2) are connected to the upper wave- 
guide, where the radiator (6) is connected to the output of the phase shifter. 


The power coupling factor 82 through the coupling element is chosen depending on 
the amplitude distribution in the aperture of the phased array. The coefficient 
y characterizes the energy which passes into the absorbing load because of the 
nonideal nature of the coupling element. The portion of the energy which flows 
through waveguide 1 to excite the subsequent modules is characterized by the 
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through transmission factor a. We designate tha reflection factor from the 


module input as 6. These coefficients are related by the expression: 
foP-F15 PF} eP HIP =I. (14.9) 
Actual absorbing loads have a finite absorption and introduce small reflections, 


which we shall designate as Ty. 


When modules operate in a phased array, there are reflections, Tp, from its 
radiators because of their mutual coupling. 


Taking (14.4) and (14.5) into account, the module transmission gain is defined by 
the expression: 


iS 


| Ky pee PKs (l -- PD, G-- 5— Ii, Ti—a? r,, r), (14. 10) 


hm. 


while the module reflection factor is: 


[Tul = 8-1 BUG + OFG2-F KGL pl 1 20847. (14.11) 


The amplitude and phase errors of a module are maximum when all of the re+reflec- 
tions and distortions add together with unfavorable phases. Since the phase of the 
field in equations (14.10) and (14.11) changes in accordance with a complex law and 
depends on a large number of factors, the maximum errors determine the minimum 
possible gain of a phased array in the scan sector. 





Figure 14.9. A radiating module with an absorbing load. 


To estimate the maximum amplitude error in the excitation of the radiators of a 
module, the following expression is justified: 


- 256 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


{ \A | [ap] c-l- pic + (a? Blin c ‘F 
++ AP, e-t- Sef) sin (A/4) -|- 
-| ayl', cos (A/4) -l- (BP'p 
j- a2 BI',) sin (A/4) cos (A/4)): 


(14.12) 

: cos (A/4). 

The maximum phase error in the excitation is: 
| 8] == arcsin [AA]. (14.13) 


Knowing the relative amplitude and phase errors of a module makes it possible to 
determine the minimal values of the directional gain and gain G ina real 

phased array (the inverse problem also frequently occurs in practice: having speci- 
fied the minimal directional and gain G of a phased array, determine the permis- 
sible scatter in the module parameters). The efficiency of a module is: 


n = [Ky/Ky sql? (14.14) 


In order to obtain Ky ig, it is necessary to substitute Ky for the case of ideal 
elements of a module in expression (14.10). 


-A module without an absorbing load (Figure 14.10) is structurally simpler than 
that depicted in Figure 14.9. . It consists of two orthogonally arranged :waveguides 
(1 and 2), which are directionally coupled together by whole (3) in the wide wall. 
A reflective phase shifter (4) with a discrete step of A and a radiator (5) are 
connected to the upper waveguide. In such a module, the coefficient y character- 
izes the energy passing through the coupling element from the input of waveguide 

1 to the radiator, bypassing the phase shifter. 


Figure 14.10. A radiating module without an 
absorbing load. 





The resulting transmission gain from the input of waveguide 1 to the aperture of 
the radiator is defined by the expression: 


“1 Tac ow Jaa 


Vat Qa Pp e714 BR aQ-tem sn 7 (14.15) 
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In this module, even in the case of ideal elements, the input of waveguide 1 is 
always mismatched because of the presence of a wave which propagates through the 
coupling pole of the phase shifter to the radiator. 


The reflection factor of the radiating module without an absorbing load, taking 
into account the nonideal nature of the elements incorporated in it, is: 


: BO fy tte) te 
[Py |= 8m : (14.16) 


The maximum amplitude and phase errors of a module without an absorbing 1!%ad are: 


[AA]. Toreiat es Gaea eas Be (14.17) 
Pp ota try, } af : 
eesti |eoaee Pezesed GEN anu: sy]. 
[Sb] > aresin crate tne (« Vy afi (14.18) 





When designing a module, by specifying definite values of its amplitude and phase 
errors, a module circuit configuration is chosen which governs its structural 
design. 


14.5. Waveguide Directional Couplers 


One of the elements of a radiattng module is a directional coupler, on the 
properties of which the characteristics of the module itself substantially depend. 
Directional couplers using coupled striplines are treated in Chapter 23. The major 
parameters of couplers cited there (the cross-talk attenuation C12, directivity 
C24, etc.) are also characteristic of waveguide directional couplers. In this 
chapter, C12 and C24 are defined by the following expression: 


Cyo-= — 101g (1/B)%, Cog == — 101g (B/)?. (14.19) 


The waveguides in couplers are frequently arranged perpendicularly to each other 
(Figure 14.11). One or two coupling holes are used depending on the requisite 
cross-talk attenuation C12 [6]. The spacing from the waveguide walls to the center 
of a hole is x = a/4, 


Experimental gaphs of C12 and C24 are given in Figures 14.14--14.17 as a function 
cf the slot dimensions for directional couplers with orthogonal configuration of 
the waveguide. We will note that for crosstalk attenuations of less than -20 dB, 
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Figure 14.11. Configuration of 
a crossed waveguide 
directional 
coupler. 






Main Ocnobuo 
Waveguide S%0sobod 
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Auxiliary Waveguide 
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Figure 14.12. Configuration of coupling holes. 
a. Circular; 
b,c. Rectangular with and without dumbbells; 
d,e. Cross-shaped with and without dumbbells; 
f. Ellipsoidal. 


Figure 14.13. A directional coupler with variable 
crosstalk attenuation. 


Key: 1. Circular coupling hole; 
2. Moving metal disk. 





the dimensions of the slots are calculated from the formulas given in [7], how-- 
ever, for a greater attenuation (right up to Cj2 = 13 dB), these formulas yield 
considerable errors and it is better in practice to employ the experimental graphs 
(Figures 14.14--14.17). 


The configurations of the coupling elements which are most frequently employed in 
practice are shown in Figure 14,12. It is impossible to obtain a crosstalk attenu- 
ation of Cj2 > -16...-18 dB for a single circular opening. Either two holes 

made in opposite angles :of the common wall of the waveguides (Figure 14.11) or 
directional couplers with variable coupling (Figure 14.13) are used to increase 
Cj2. 
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Figure 14.14. The crosstalk attenuation 
C12 and directivity C24 
of a coupler with two 
circular coupling holes as a 
function of the hole diameter. 
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Figure 14.16, The crosstalk attenuation 
for a cross-shaped coup- 
ling hole (Figure 14.12d) 
as a function of the slot 
length. 

{The dashed curves are from 
theory and the solid curves 
are experimental]. 
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Figure 14.15. The crosstalk 
attenuation C12 
and the direc- 
tivity C24 as a 
function of 

the disk. 





as t/a 


Figure 14.17. The crosstalk attenu- 
ation C12 and direc- 
tivity C24 of a 
coupler with two 
cross-shaped coupling 
holes as a function 
of the slot length. 
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Cio» dB 
Curves for C12 and C24 are spotted in 
Cre,06 Figure 14.14 as a function. of the change in 
a/a= 0,75 the diameter d of the opening. The cross- 
an 0575 | 


talk attenuation of Cj2 = -8 dB corresponds 
to the maximum diameters of the two openings. 


-77 Seihaeh. acip 7 


Experimental curves for the crosstalk attenu- 
ation C12 and the directivity C24 are plotted 
in Figure 14.15 as a function of the depth of 
disk immersion, 1). 


Crossed coupling slots (Figures 14.12d, e) 
make it possible to provide a crosstalk 


“OS AiG Ga ta attenuation of down to -3 dB while retaining 


Figure 14.18. The crosstalk a high directivity. The theoretical and 
attenuation of a experimental curves for the crosstalk attenu- 
: coupler with two ation Cj2 are shown in Figure 14.16 for a 
cross-shaped change in the slot length for a cross-shaped 
coupling holes opening (Figure 14.12d). 
as a function the 
waveguide ‘height. Experimental curves for the crosstalk attenu- 


ation and directivity as a function of the 

slot length as shown in Figure 14.17 for a 

directional coupler with two cross-shaped 
coupling poles of the dumbbell type (the dashed curves) as well as those without 
dumbbells (the solid curves). It can well seen from this figure that the dumbbell 
and its size has a considerable impact on the crosstalk attenuation for the same 
slot length 1. The directivity of such couplers, right up to C12 = -3 dB, is 
no worse than -20 to -25 dB. For a greater increase in the crosstalk attenuation, 
it is necessary to improve the precision in the fabrication of the coupling holes. 


The crosstalk attenuation of directional couplers changes substantially as a func- 
tion of the waveguide height. The crosstalk attenuation is shown in Figure 14.18 
as a function of the b dimension of the narrow wall of a waveguide. (C12 changes 
especially sharply at small values of b. 


14.6. An Approximate Design Calculation Procedure for a Radiating Module 


When designing a radiating module, one takes into account the fact that it is an 
element of a phased waveguide array. Then the initial data are: 


--The width of the directional pattern of a single module at the half£-power level, 
260.53 


--The discrete step of the phase shifter, A; 


--The permissible values of the amplitude and phase errors of the phase shifter 
(om, Vv) and the radiating module (AA, 6¢); 
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--The parameters of the slotted bridge (the decoupling c, the reflection factor 
at the bridge input [I and the division ratio between the output arms, Kk); 


--The parameters of the directional coupler (crosstalk attenuation C12 or the 
branching of the incident wave 8, the directivity C24, the reflection factor 5); 


--The reflection factor from the absorbing load Ig; 
--The module efficiency n. 


We shall consider an approximate procedure for the design of a radiating module for 
two possible variants. 


Variant 1. The following are specified: A, 269,5, om, v, AA, 0%, Ty, T, Coq, C12; 
k, 6 and c. Determine the efficiency of the module. 


1. It is expedient to start the design with the choice of the module circuit 
configuration (see Figure 14.1), working from the specified directional pattern 
width of the module, 2609.5, and its amplitude AA and phase 64 errors. 


2. Knowing A, determine the type and circuit configuration of the phase shifter 
(see § 14.2). Then, the coefficients Ky and Ty of the selected phase shifter are 
found using formulas (14.4) and (14.5). The losses in the n-i-p-i-n diodes of the 
phase shifter are determined from formula (14.6). 


3. After this, the amplitude o, and phase v errors in the phase shifter are found 
and they are compared with the specified values. If om and v exceed the specified 
values, then it is necessary to more precisely specify the type and circuit of the 
phase shifter and repeat all of the calculations. 


4. Horns, dielectric rods and spirals find the greatest application as radiators. 
The type of radiator is chosen from [0.5] and its dimensions and electrical charac- 
teristics are calculated. 


5. Knowing C12 for 8, we determine y from expression (14.19), and the number of 
coupling holes in the coupler and their dimensions are chosen from the graph of 
.Figures 14.14 - 14.18. 


6. Then, based on the values found fro the parameters of the module and phase 

- shifter, the transmission gain Km and the reflection factor I'y of the module are 
determined from formulas (14.10) and (14.11). The maximum values of the amplitude 
error AA and the phase error 6$ of the module are found from formula (14.12) and 
(14.13). 
7. Then the module efficiency is determined (see (14.14)). 
Variant 2. The following are specified: A, 200,5, Om, v, [, &, kK, 6, Ty, C12; 


C24 and n. Determine the maximum values of the amplitude AA and phase 6% errors 
of the moduld. 
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It is first of all necessary to perform the design calculations for: the module as 
indicated in paragraph 1--5 for variant 1. Then the coefficients Ky (14.10) and 
Ty (14.11) are determined. We find n from formula (14.14). 


If n is less than the specified value, then it is necessary to moreprecisely 
specify the coefficients in formulas (14.16), (14.10) and (14.11) which influence 
the efficiency of the module, and then determine Ky, Ty and n over again. Then, 
AA and 6@ are to be determined from equations (14.12) and (14.13). 


If the design calculations are performed for a module with an absorbing load, then 
the procedure for the calculations remains as before, only instead of expressions 
(14.10) - (14.13), the corresponding formulas are used: (14.15) - (14.18). 


In both variants, it is necessary during the module design process to determine 
which of its parameters (xk, T, c, 5, y, B, Ty, Tp) have the greatest influence on 
the module characteristics (Ky, Ty, AA, 6¢, n). For this, some of the elements 
are assumed to be ideal or their parameters are fixed in the appropriate formulas 
(14.10) - (14.14) or (14.15) - (14.18), and in the calculations, one must chang’: 
the parameter, the influence of which on the resulting characteristics of the 
module must be ascertained. 


The structural design of a module is accomplished taking its use in a phased array 
into account. 
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ACTIVE ELEMENTS OF ANTENNA ARRAY MODULES SECTION IIL 


15. MODULES OF TRANSMITTING PHASED ANTENNA ARRAYS USING SEMICONDUCTOR DEVICES 


The use of semiconductor active elements, microwave generators of various types, 
which make it possible to boost the operational speed and reliability of radio 
electronic systems, as well as improve their size and weight characteristics, 

is promising for aircraft transmitting actve phased antenna arrays (AFAR) . 


A transmitting active phased array takes the form of a system of radiators, 
arranged on some surface, each of which is excited by a separate generator, 
which makes it possible to reduce the losses in the distribution device of the 
array, and consequently, improve the overall system efficiency. 


We shall call a device consisting of a 
radiator, active elements as well as the 
signal control elements, an active phased 
antenna array module in the following. 





Modulation A block diagram of a module is shown in 
HMalynnuun Figure 15.1. The microwave generator in 
) this module can be realized using various 
dm yrpubnnowe?o active elements: power amplifiers with 
yompolenba a tuned or bandpass response, combination 
fxog Tnput of a power amplifier and a frequency 


converter (for example, a multiplier), 
Figure 15.1. Block diagram of a module. and it is also possible to use a power 
self-excited oscillator. In the latter 
case, the oscillators in the modules in 
all of the radiators should be synchron- 
ized to assure coherency. The output 
signals of the modules can be modulated 
using a modulator or the modulted signals 
can be amplified. To provide for the 
optimal operating conditions of the 
active element, it is necessary to have 

a device for.matching the radiator. Finally, to obtain directional radiation and 
the capability of scanning, a definite phase distribution of the output signals 
of the modules is produced by means of controlled phase shifters. The array 
modules are excited by a distribution system. The main techniques of exciting 
the modules of active phased arrays are shown in Figure 15.2. The excitation 
circuit shown in Figure 15.2a includes a power divider and a microwave channel, 
which produce specified amplitude and phase relationships at the inputs to the 
modules. Using a frequency multiplier in an active phased array module makes it 
possible to operate the excitation distribution system at a reduced frequency, 
something which can additionally reduce the losses in it. In those cases where 
the power of the exciter proves to be inadequate to excite all of the modules of 
an array, stepped excitation is employed (Figure 15.2b). A transmissive spatial 
excitation configuration of the modules is shown in Figure 15.2c, while a 


Key: 1. Microwave generator; 
2. Controlled phase shift- 
er; 
3. Matching device; 
4. Modulator; 
5. From the controller. 
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< reflective circuit is shown in Figure 15.2d. It is expedient to use the two 
latter excitation circuits in the case of modules with frequency conversion (or 
multiplication), since in this case, the portion of the exciter power radiated 
beyond the edge of the array does not participate in the formation of sidelobes 
in the array directional percern at the worrane frequency. 
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Figure 15.2. Excitation configurations for modules in active phased 
arrays. 


We shall also note the possibility in principle of using mutual coupling between 
the radiators to excite an active phased array. In this case, there is no need 
to use a cumbersome distribution device. Thus, using two pole active devices, 
one can provide for a synchronous self-oscillating mode in the array modules. 


15.1. The Major Characteristics of the Active Elements of Modules 


A transmitting active phased array can be treated as a device which sums the 
radiation power of several modules in a specific direction. 


We shall consider the major requirements placed on the characteristics of the 
active elements of active phased array modules, the meeting of which assures 
effective summing. The output power of a module is governed by the requirements 
placed on the radiation power level and can be defined as the ratio Py = Py/N, 
where P, is the total radiation power; N is the number of modules in the array. 


The gain of the generator of a module is defined as the ratio of the input power 
to the module to the excitation power. Increasing the gain makes it possible 

to reduce the excitation power for a set radiation power, and consequently, the 
power losses in the distribution device in which the bulk of the radio frequency 
losses occur. With an increase in the number of modules with a constant array 
step, its directional pattern narrows and the losses in the distribution system 
increase. For this reason, modules with a high gain should be used for arrays 
with narrow directional patterns. 


The gain of a generator which provides for complete compensation of the losses in 
the excitation system is Kp = 1/ng, where ng is the overall efficiency of the 
distribution system, taking into account the losses in the phase shifters and 

the matching elements at the inputs to the modules. The maximum value of Kp is 
limited by the amplifier stability margin or the synchronous operational mode 
margin of a self-excited oscillator. Moreover, there are possible limitations 
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related to the increase in the phase instability in the modules with an increase 
in Kp because of the rise in the slope of the generator phase characteristic. 


The efficiency of a generator governs the overall efficiency of an active phased 
array to a considerable extent, which is equal to the ratio of the total radia~ 
tion power to the power of the primary power supplies for the array, including 
the exciter power supply. Moreover, generator efficiency governs the thermal 
mode of the array modules. A poor efficiency of the active elements can lead to 
severe thermal conditions and limit the maximum radiation power. 


The load characteristic of a generator (the output power and phase of the output 

signals as a function of the total input impedance of the radiator Zi;,) is one 

of the most important characteristics of a generator when it is used in array 

modules with wide angle scanning. In these arrays, the total input impedance 

of a radiator during scanning changes considerably because of the mutual coupling 

of the radiators, where the laws governing the change in Zi, prove to be differ- 

ent for the central and peripheral radiators. Because of the change in Zp, 

there is a change in the resistive component of the load impedance of the 

= generator output stage, something which leads to a change in the output power 
and the electronic operating conditions, in particular, to a change in the 
power losses in the generator. The reactive component of the load impedance 
determines the mistuning of the output microwave circuit of the generator rela- 
tive to the excitation frequency as well as the corresponding change in the out- 
put phase. Thus, a change in the input impedance of a radiator during scanning 
leads to the appearance of amplitude and phase errors at the output of a module, 
and as a result, to a reduction in the directional gain for specific radiation 
directions. The maximum scan angle in this case can prove to be limited by the 
permissible reduction in the array directional gain. 


Figure 15.3. Block diagram of an active 
phased array module having 
a generator with a phase 
locked loop. 


Key: 1. Microwave oscillator; 
2. Phase detector; 
3. Direct current amplifier; 
4. Phase controller for the 





Oe Onatomte oscillator output; 
(6) 5. Phase shifter; 


6. From the controller. 


One of the ways of reducing the impact of the input impedance of a radiator on 
the parameters of a module in a transmitting active phased array is the use of 
nonreciprocal elements, for example, ferrite isolators and circulators, inserted 
between the generator and radiator. . : 


Besides the requirements treated above, others are also placed on modules which 
are common to generators operating as part of radio transmitting systems, for 
example, on the passband, level of harmonic filtration, etc. 
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We will note that the inconstancy of not only the load but also the supply 
voltages and temperature have a destabilizing effect on the phase of the output 
signals of a module. The overall phase error at the output of a module, taking 
into account the effect of all of the destabilizing factors, can prove to be 
impermissibly high. In this case, phase locked loop tuning systems can be used 
to eliminate the phase error. An example of the structural configuration of a 
module having an oscillator using a phase locked loop is shown in Figure 15.3. 


15.2. Major Structural Design Requirements 


The overall dimensions of active phased array modules are governed by the possi- 
bility of placing them in an antenna array. To eliminate spurious radiation 
maxima during scanning, the array step should not be significantly greater than 
4/2. For this reason, when designing active phased array modules, especially 

for the centimeter band, there arises the problem of their miniaturization. This 
task is complicated in the case of transceiving arrays in which the module should 
also contain a receiving section and a device for separating the transmitted 

and received waves. 


These requirements can be satified with a hybrid integrated circuit design of the 
modules. However, the small dimensions of active semiconductor devices and 

their limited electron efficiency leads to excessive localization of the heat 
emissions and the necessity of using effective heat sinks and cooling devices, 
which limit the miniaturization possibilities. 


The range of miniaturization of electromagnetic systems in a film integrated 
circuit design is limited. The major component of a microwave circuit is the 
asymmetrical microstrip transmission line. The microwave networks of oscillators 
and amplifiers should contain line sections, the length of which is commensurate 
with a half-wavelength. Thin (units and tenths of a millimeter) dielectric 
substrates with a high relative dielectric permittivity (about ten) are used to 
reduce the wavelength in a line as well as the transverse dimensions of a line, 
where these substrates make it possible to reduce the wavelength in a line by 

a factor of about 2.5 times, while the transverse dimension of the conducting 
strip is reduced to tenths of a millimeter. However, such small transverse 
dimensions lead to an increase in the losses in the conductors. Moreover, ele- 
vated losses occur in dielectrics with a large dielectric permittivity. Asa 
result, the Q of microstrip oscillating systems falls off an average of 5 to 

10 times as compared to waveguide and coaxial oscillatory systems, something 
which leads to a reduction in the efficiency of the microwave circuits of high 
power oscillators. 


In the decimeter band, one can employ oscillating systems using lumped induct- 
ances made with film technology and lumped capacitances, both outboard types 
and film technology capacitors, which makes it possible to additionally reduce 


the size of the microwave circuitry as compared to the wavelength, but which 
leads to an even greater increase in conductance losses. 
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15.3. Active Semiconductor Devices for Active Phased Autenna Array Modules 


At the present time, transistors and various diodes with negative resistance 

are used in active phased array modules. Moreover, diodes with a nonlinear 
capacitance of the p-n junction (parametric diodes, varactors and charge storage 
diodes) are also used. With the exception of parametric amplifiers and oscilla- 
tors, nonlinear capacitance devices are not active ones and are used as passive 
microwave frequency multipliers, as well as for amplitude, frequency and phase 
modulation. 


We shall briefly consider the properties of microwave devices in which the semi- 
conductor devices enumerated above are employed. 


Microwave power amplifiers using transistors are employed in the decimeter and 
centimeter bands at output powers of from tens to a few watts in the long wave 
portion of the centimeter band. These amplifiers have a relative bandwidth of 
up to 10 to 15%. Their gain amounts to 15 to 25 in the long wave portion of 

the decimeter band and 2 to 3 in the short wave portion of this band, as well as 
in the centimeter band. The efficiency of transistor amplifiers ranges from 

15 to 25%, which is markedly greater than the efficiency of power amplifiers 
using other semiconductor devices. Microwave self-excited oscillators are also 
designed around transistors, both with mechanical and electronic frequency tuning. 
In such self-excited oscillators, as a rule, external feedback circuits are 
employed, which, of course, complicates their structural design as compared to 
diode oscillators and amplifiers. An advantage of transistorized microwave 
amplifiers is also the unidirectional nature (without additional decoupling 
components). 


Generators and amplifiers using negative resistance diodes are employed primarily 
in the centimeter and millimeter bands. The operational principle of such 
devices is based on the compensation of the resistance of the resonant system, 
taking into account the resistance introduced by the load: by the negative 
resistance of the impedance of the diode. With total compensation for the 
losses, as self-excited oscillator mode is established in the generator. With 
partial compensation of the losses, there is regenerative amplification of 
external signals. As specific feature of self-excited diode oscillators is the 
absence of external feedback circuits, which simplifies their design as compared 
to the design of three-terminal generators. Regenerative amplifiers do no have 
unidirectional properties and require the use of isolating elements. 


Diodes with various negative resistance mechanisms are used in microwave diode 
oscillators and amplifiers: avalanche-transit diodes (LPD's) [IMPATT diodes] 
and diodes with electron transport between valleys (DPE's) [tunnel diodes]. 
IMPATT diodes are used primarily in generators with an output power of a few 
watts in the centimeter band and hundreds of milliwatts in the millimeter band. 
The wide scale use of IMPATT diode amplifiers is precluded by the high noise 
level, which is related to the avalanche nature of the generation of charge 
carriers in these diodes. Tunnel diode oscillators are three to ten times 
inferior in terms of power to IMPATT diode oscillators, however, they have some- 
what better noise characteristics. The efficiency of diode oscillators does not 
exceed 10% at the present time in the centimeter band. 
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Frequency multipliers using varactors and charge storage diodes (DNZ's) are 
usually employed for frequency multiplication in transistor power amplifiers, 
which makes it possible to obtain outputs with power levels suitable for many 
practical applications as well as acceptable efficiencies in the shortwave por- 
tion of the decimeter and centimeter bands. The output frequencies of varactor 
multipliers with a blocked junction can attain 30 to 50 GHz, As has already been 
noted, diode multipliers with a nonlinear capacitance of the p-n junction do not 
have any gain and the microwave power conversion gain for them is always less 
than unity, and becomes less, the greater the multiplication factor. 


We will note that each of the semiconductor devices treated here can operate 
using parametric effects. For example, an amplification mode in a transistor 
can be combined with parametric frequency multiplication of the amplified signals 


across a nonlinear collector capacitance. Autoparametric modes are employed in 
diode oscillators. 


15.4. The Radiation Power of Active Semiconductor Phased Antenna Arrays 


We shall estimate the radiation power of a planar active phased array designed 
using the configuration of Figure 15.2a, for the following types of active 
devices: transistors, IMPATT diodes and tunnel diodes. The power capabilities 
of these devices are illustrated by the graphs in Figure 15.4. In the active 
phased array configuration considered here, the devices enumerated above can be 
used both as amplifiers and self-excited oscillators. In the latter case, the 
exciter synchronizes the oscillations in all of the modules of the active array. 
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devices as a function of as a function of fre- 
x the working frequency. quency. 

Key: 1. Permissible radiation Key: 1. IMPATT diodes; 
power for a single 2. Tunnel diodes. 


element in an array 
(285 = 30°); 

2. IMPAT? diodes; 

3. Tunnel diodes. 


- 269 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 
FOR OFFICIAL USE ONLY 


The total radiation power of an active phased array is governed by the output 
power of a module, the layout density of the radiators and the size of the 
array. In turn, the array size depends on the width of its directional pattern, 
289.5 and can be defined as L = 60/289 .5- 


As has already been noted, the array step is approximately 4/2. It is difficult 
in practice to reduce the step, since the transverse dimensions of the radiators 
are usually close to a half-wavelength (for example, A/3 for spirals, about r/2 
for symmetrical dipoles, etc.). 


Thus, the maximum number of radiators in, for example, a square array is Nn? = 
(2p/A) 5 or taking into account the relationship between L and 269,5, N” = 1.44 * 
10°/265 5. 

Then the maximum value of the total radiation power is: 


Py max 1,44-10* Py / 2005, 
J where Py is the radiation power of a single array element. 


An estimate of the total radiation power for arrays built using transistors, 
IMPATT diodes and tunnel diodes which was obtained in this fashion in shown in 
Figure 15.5. The dashed lines show the possible limitation of the power in the 
long wave region because of the unacceptably large array dimensions. 


The problem of minimizing the number of radiators for the purpose of simplifying 

and reducing the cost of the structural design of an array and the control devices 
usually comes up when developing a phased array. The same problem can also occur 

in the case of active phased antenna arrays. We shall determine the reduction in 

the radiation power with such minimization. 


The maximum array step for which there are no spurious maxima is: 
d=:M(1-sin Omax)» 
4 where 6,4, is the maximum beam deflection angle from the normal. 


Correspondingly, the number of radiators in a square array is: 


N? =: [? (1 “F sin Omax)/, 


and the total radiation power is: 


Py--3,6-108 Py (He) , 


200.5 


The reduction in the power as compared to the maximum value is: 


22s 1 [sin ans ; 
Py 2 


-max 


This ratio is shown in Figure 15.6 as a function of a specified scan angle 6. It 
can be seen from this figure, for example, that with the minimization of the 
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Figure 15.6. The relative reduction in Figure 15.7. The efficiency of semi- 
power as a function of the conductor oscillators 
scanning angle. as a function of 

frequency. 


number of radiators, and consequently also 
the number of array modules, for a scan 
sector of 0.4, < 15°, the total radiated 
power amounts to approximately a quarter 
of the maximum value determined by the graphs of Figure 15.5. 


Key: 1. IMPATT diodes; 
2. Tunnel diodes. 


The Efficiency of Active Elements and the Thermal Conditions in an Array. The 
maximum values of the efficiency which can be attained at the present time for 
the semiconductor devices considered here are shown in Figure 15.7 for various 
frequencies, from which it can be seen that the efficiency of the active devices 
falls off with a rise in frequency, and at frequencies above 5 GHz, can drop 
down to 10 to 25%. Along with this, the average radiofrequency power flux 
density through the radiating surface of the array, S, for an array step close 
to A/2, is: 


PylS = Py, N2 | (} ny == AP yl 


and, as can be seen, increases for a set power of an array element in proportion 
to the square of the frequency. The thermal flux density through the surfaces 
bounding the array structure, by virtue of the decrease in the efficiency with 
increasing frequency, rises even more rapidly, something which can lead to the 
establishing of severe and even unacceptable thermal conditions in the modules. 
The use of effective forced cooling methods though detracts to some extent from 
one of the advantages of a semiconductor active phased array: its compactness. 


We shall estimate the thermal limitations in the case of natural cooling of a 
structure by the ambient air, keeping in mind that the thermal mode of an array 
depends on the specific features of its scructural design, and for this reason, 
a preliminary estimate can only be a very approximate one. 

We shall represent the structural design of an array in simplified terms: in 


the form of a compact planar unit with solid walls. We shall initially treat 
the case where the area S of the radiating surface is considerably greater than 


- 271 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


the area of the side surfaces of the structure, while the heat output through 
the surface opposite to the radiazcing surface is made difficult because of the 
presence of the distribution device which is close to it. It can be assumed 
that the thermal output in this case, which occurs with the generation of narrow 
directional patterns, takes place primarily through the radiating surface of the 
array, i.e., the heat output surface can be considered as coinciding with the 
radiating surface S. 


Then, in a steady-state thermal mode, the heat flux density is: 


Pru nov Pu ( I P I 
Pa towelSu* Petne Be daa Pa (1 
M jens! M Su Sm Tint 4a Tm ; 





where Pu is the power loss in the module; ny is the module efficiency; Sy 
is the array area allocated for one module. 


The heat flux density determines the temperature gradient between the cooled 
surface and the air in accordance with the relationship: 


? 1 
Pu not m:aAt wan 4 Pw ae —1)-:aat, 
Ss r¥) Wn 


where a is the heat transfer coefficient. 


We shall set a permissible temperature gradient of At,., = 50° C, for which in 
the case of cooling by natural air convection and thermal radiation, a = 8 W: 


m “ ° deg-~. The minimum permissible value of the module efficiency is: 
1/ny per = 0.25 abt yer? /Py +1 T/Mar ron =9, 250A Eo ABP FL, 
and for the values adopted for o and At: 


1/Ty pee 1002 /Pryy +1. 1/1) non == 10007/Py-l- 1 
The calculation performed with this formula for a transistor module shows that 
the quantity ny per changes with frequency, as shown in Figure 15.7. It can: 
be seen that at frequencies above 0.6 GHz, the actual efficiencies of devices 
is less than the minimum permissible, and this means (for the assumed value of 

-a), that the use of transistors in this frequency range in maximum power modes, 
determined by the corresponding curve (Figure 15.4), leads to unacceptable 
thermal conditions in the array. 


Also shown in Figure 15.7 are the attainable values of the efficiency for 
IMPATT and tunnel diodes. For IMPATT diode modules, the minimum permissible 
efficiency amounts to no less than 90%, which significantly exceeds the actual 
efficiency throughout the entire range of utilization of these devices. For 
modules using tunnel diodes, the values of ny per approximately coincide with 
the feasible values. Consequently, these devices can be used in maximum power 
modes. 


To establish the permissible thermal mode of an array in frequency regions where 


the actual efficiencies of a module are less than the minimum permissible values, 
the power of an array element should be reduced down to: 
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PM per = My@Ot peed? /4(1 - Ny) » Py non = GAlpon A2/4 (l—ns), 
while for the values adopted for a and At, it should be reduced down to: 


P 100nyA2 (1 - ny)- 


M per 
In some usage ranges for transistors, the permissible power is more than an 
order of magnitude lower than the possible power of the device (see the curve 
for P for 20 = 3° in Figure 15.4. The maximum value of the total 

_ M per 0.5 
radiated power because of thermal limitations does not exceed: 








Tm A \? 

Pam 10 TE Ca) 
In the case of a broad directional pattern, the radiating surface of the array 
proves to be reduced and the structural configuration of the array approaches 
a cube. The cooling conditions are significantly improved in this case by 
virtue of heat transfer from the side surfaces of the structure. Assuming the 
shape of the structure to be close to a cube, one can figure that the thermal 
flux density is reduced by a factor of three to five. Then, we obtain the 
following for the minimum permissible efficiency and power: 


1/Mt non 40002 /Py-| 1; 
Pr an 400 A2/(E -- Xm). 


In this case, the gap between the maximum possible module power and the permis- 
sible power proves to be smaller (see the curve for Py per for 289.5 = 30° in 
Figure 15.4). 





Prmar.dm 4 Graphs of the maximum values P, ,,, are 
\ rbpaee3° shown in Figure 15.8 for values of 
we oe TM per determined from the graphs of 
\ Ma(1) Figure 15.7 for narrow (28 5% 3°) and 
: ‘oY wide (289 5 = 30°) array directional 
0 aN patterns for three types of active 
AN devices used in modules. It can be 
mn? \\ seen from Figure 15.8 in particular that 
= 30° NNN \482 when using tunnel diodes, because of 
# iG a C2) the absence of thermal limitations, the 
Tpansucrroper ” \ radiated power is increased while the 
Transistors directional pattern narrows much more 


rapidly than, for example, when using 
IMPATT diodes, for which there are ther- 
mal limitations. 
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Figure 15.8. The total radiated power 
= as a function of frequency, 
taking thermal limitations 
into account. 


The estimate made here for the powers 

and working frequencies of active phased 

arrays with microwave amplifiers or 

Key: 1. IMPATT diodes; oscillators using semiconductor active 
2. Tunnel diodes. devices is approximate. The limitations 

which have been ascertained are not to 

be treated as the impossibility of 
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Z of designing active phased arrays for certain values of transmitted powers and 
frequencies. These limitations point only towards certain difficulties in con- 
structing an array. The thermal limitations which arise because of the 
necessity of a rather dense layout of the modules, as well as because of the 
insufficient efficiency of semiconductor oscillators and amplifiers in certain 
frequency bands are obviously the most important. 


There are the following possibilities for reducing or eliminating thermal 
limitations: increasing the efficiency of the active devices or developing 
effective methods of cooling them, which do not substantially increase the size 
and weight of the array structure. 


15.5. Active Phased Antenna Array Efficiency 


As has already been noted, an active antenna array can have a greater efficiency 
than'a passive one as a result of the decrease in the losses in the distribution 
system. The possibility of realizing a gain in the efficiency depends on the 
efficiency of the array distribution system, the efficiency of a module and its 
active element gain. 


We shall estimate the efficiency of an active array designed in the configuration 
of Figure 15.2a, and determine the advantage gained in the efficiency as compared 
to a passive array. We shall introduce the following symbols: np is the overall 
efficiency of the transmitter working into a passive array; ng and Nb are the 
efficiencies of the distribution units for the passive and active arrays [res- 
pectively]; ng and ny are the efficiencies of the exciter and a module of the 
active array; Kpy is the power gain of an active array module; P is the RF power 
delivered to a radiator; we assume the efficiencies of the radiators to be close 
to unity in both systems. 


The efficiency of an array is ny = 1 - P./P » where Py is the power consumed from 
the active element power supplies; P, = P! 9 ee are the total power losses in 

the array, which are composed of the RF losses Pt in the distribution device and 
the conversion losses Re in the active elements. 


For an active array, when figured on a per radiator basis, we have a corversion 


joss power in the generator P!!_ and the exciter PY: 
P & It Br 


= Pin == (1 —Mr) P/ne; Pon == (L—-y) P/Kp,. Mb Un- 
The power losses in the distribution unit are: 
PY =: (1—n§) P/ Kp Nb 


The power of the power supplies for the modules Pop and the exciter Pop, when 
figured on a per module basis, amount to Pg = Po; + Pop = P/ny + P'Kp.ngnp- 


By summing all of the losses, in accordance with the definition introduced for 
the efficiency, we obtain the expression for the efficiency of an active array: 


Ma = 16 Me Ne (Kewl L(+ Kea 1h Ne) 


= 074 = 
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The efficiency of a passive array is Nan = png. Thus, the gain in the 
efficiency of an active array as compared to a passive one is: 


=: MWA ma Am Ny 3 Kp. ! 
Nan Ww «= Ne /NetKpy Ne 
The graphs of the advantage gained as a function of Ng Plotted from the formula: 


M-= (Kea + 1y/(1 -+ Kpy Ny) 


are justified for ng = ng; Np = NM = Np, are shown in Figure 15.9. To determine 
the advantage gained, M, using these graphs, the scale on the ordinate is to be 
changed by a factor of Ny/np times in the case where Ty # nr, which is. frequently 
encountered in practice. 
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Figure 15.9. The amount of the gain in Figure 15.10. The amount of the gain - 
the efficiency of an in active array effi- 
active array as a function ciency as a function 
of the feed channel of module gain. 
efficiency. 


The graphs show that it is expedient to use active phased arrays in the case of 

large losses in the distribution system. For example, when Ng = 0.2M = 3.7, 

for Kp, = 10. The advantage gained in the efficiency depends on the number of 

radiators: with an increase in the number of radiators (when the directional 

pattern is narrowed), the advantage gained in the efficiency of an active array 
= increases as compared to a passive array. 


The advantage gained in the efficiency also increases when modules are used which 
have a high power gain. Curves of the advantage gained M are shown in Figure 
15.10 as a function of the gain Kpy- As follows from the graphs, a substantial 
rise in the advantage occurs with an increase in Kp,, up to approximately 10. 

A further increase in the gain does not lead to a marked rise in the advantage, 
if the efficiency of the distribution system is no lower than 0.2. 


The expression derived for the advantage gained in the efficiency makes it 
possible to evaluate the expediency in power terms of using an active antenna 
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array in place of a passive one. An advantage of M > 1 obtains if the efficiency 
of the modules used in the active array satisfy the condition: 


K Pag Ue Meh 


he soe 
i Kpgl Fae ta in My 


or when K >> 1, the condition ny > npng- For example, if in a passive array 
Ng = 0.3np = 0.5, then a transition to an active array is expedient in power 
terms where the efficiency of a module in such an array is no less than 0.15. 


It should be noted that the increase in the radiation power in the direction of 
the main lobe of the directional pattern when changing over from a passive to 

an active array, with a constant power of the power supplies, will be less than 
the advantage gained in the efficiency. This is due to the presence of additional 
amplitude, and primarily phase errors in the active elements of the modules. The 
influence of amplitude errors in the output signals of the modules can be dis- 
regarded, however, the appearance of additional phase errors leads to a reduction 
in the directional gain of an active as compared to a passive array. 


15.6. Recommendations for the Selection of Module Circuits and Parameters 


The circuit configuration of a module is selected by working from the necessity 
of obtaining the requisite microwave power level at its output, assuring as 
high an efficiency as possible for a module as well as a power gain sufficient 
to reduce the power in the distribution system (for example, by an order of 
magnitude as compared to the radiated power) for the purpose of increasing 

the efficiency of the active array. Moreover, the point of insertion of the 
phase shifter and the modulation method are to be determined, if modulation is 
provided for the signals specifically in an array module. 


The selection of the structural configuration of an active antenna array module 
should start with the estimate of the module output power. For a known value 
of the total radiated power Py and a specified directional pattern width of the 
array, the power required for_each radiator, for a square array with a step 
close to 4/2, is Py = 7 + 107°(269 5)7P,. 


The power of the output stage of a module is P = 1.2P,. By knowing P, we choose 
the semiconductor device for the output stage, which, in providing the requisite 
power at the working frequency, has the greatest efficiency. For a comparative 
estimate of the power and efficiency of various semiconductor devices, one can 
make use of the graphs of Figures 15.4 and 15.7. In accordance with these 
graphs, it is preferable to employ transistors in the decimeter band up to 
frequencies below 1 - 3 GHz. We will note that in this band, the output power 
of a module can be increased as compared to the values defined by the graphs of 
Figure 15.4 through adding the powers of several transistors in a module. 


At frequencies of 1 - 3 GHz, one can recommend the use of a multiplier stage 
using a varactor with a multiplication factor of 2 to 4, excited by a transistor 


oscillator, at the output of a module. The output power of such a transistor-- 
varactor network runs to a few watts with an overall efficiency of 20 to 40%. 
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At frequencies of 1 - 3 GHz, one can also use TRAPATT diode amplifiers and 
self-excited oscillators. 


Both transistor--varactor chains as well as microwave diode oscillators, IMPATT 
self-excited oscillators and tunnel diodes can be used in a frequency range of 
3 - 10 GHz. 


Onz can obtain powers of units and fractions of a watt with efficiencies of up 

to 10% in the output stages of a module. Additional considerations may be taken 
into account in the final selection of the module output stage. For example, 

the use of transistor--varactor chains makes it possible have phase control at 

a reduced frequency, which makes it possible in a number of cases to reduce the 
losses in the phase shifters. On the other hand, diode oscillators and amplifiers 
are simpler and more compact. 


The choice of the semiconductor device for the module output stage determines the 
entire structural configuration of the module to a considerable extent, since 

21l of the remaining module stages are chosen by working from the necessity of 
obtaining a definite module power gain. 


Transistorized oscillators and amplifiers in the decimeter band, as a rule, have 
low power gains (2 to 4), and for this reason, to obtain an overall module gain 
of about 10, it is necessary to use 2 to 3 stages of amplification. 


Then one can estimate the overall module efficiency, taking into account the fact 
that at low gains per stage, it is determined by not just the efficiency of the 
output stage, but also the preceding stages. Assuming the efficiency and gains 
of all of the stages to be approximately the same, the overall efficiency of 


a module can be estimated from the following formula: 
moan { 


Ye Sas 
m= th Kpx mM 


where n, is the efficiency of a stage; Kp, is the stage power gain; n is the 
number of stages in a module. The losses in the phase shifter have not been 

taken into account in the formula cited here, assuming that the phase shifter is 
inserted at the 1uput to the module. The insertion of the phase shifter at 
another point leads to a drop in the efficiency, and this becomes greater, the 
higher the power level at which the phase shifter operates. The value of the 
module efficiency obtained in this manner can be taken as the basis for the 
estimation of the thermal mode of the array (see § 15.4). Such an estimate should 
ascertain the necessity of forced cooling of a module. 


In the case of active phased arrays using diode generators in a module, as a rule, 
is a single stage design and consists of an amplifier or a self-excited oscilla- 
tor and a phase shifter separated by an isolating element. The output of the 
diode generator is fed to the input of the phase shifter, where the generator is 
of the same type as the module generator. Taking into account the fact that to 
obtain a stable gain mode or reliable synchronization of a diode generator, the 
ratio of its output power to the excitation or synchronization power should be 
approximately 10, the oscillator or amplifier of the preceding stage can drive 
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5 to 10 modules. Thus, in the case where diode amplifiers or oscillators are 
used, an active phased array is designed in the circuit configuration of Figure 
15.2b, which makes it possible to standardize the active elements of the array. 


When choosing the modulation method, as well as the modulated stage and number 
of stages, one is to be governed by the same considerations as for multistage 
transmitters. Here, we shall only note some of the special features which 

are related to the fact that a large number of modules are modulated simultan- 
eously. Two techniques can be used for the simultaneous modulation of the 
modules. The first, incorporated in each module is its own modulator, while 
the modulating signal is fed to the inputs of the modulators at a low power 
level. In the second, one rather high power modulator services all of the array 
modules. With the second approach, the modulator power proves to be increased, 
since a portion of it is lost in the distribution device for the modulating 
signal. In the first, the module size is increased and its thermal conditions 
can be degraded because of unavoidable losses in the modulator. In both cases, 
the distribution unit for the modulating signals should be carefully designed, 
since with broadband modulation (for example, using short pulses), various 
modulation distortions can appear in a complex channelizing system. 


We shall also note that any amplitude modulation in an active phased array. using 
synchronized diode amplifiers or oscillators is possible only in the output 
stages, while frequency modulation is possible only by means of synchronizing 


the output stages with frequency modulated signals. In all cases, the spectral 
width of the modulating signals should not exceed the synchronization bandwidth. 
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CHAPTER 16. EXTERNALLY EXCITED OSCILLATORS AND AMPLIFIERS USING POWER TRANSISTORS 


16.1. General Information 


Microwave power transistors are widely used in externally excited oscillators and 
amplifiers (Figure 16.1), used in the modules of transmitting active phased 

antenna arrays as the driver or the output stages, where these have been given the 
name of power amplifiers. A specific feature of these amplifiers is the compara- 
tively high output power level (more than a watt) with a relatively high efficiency 
(more than 30 to 40 percent). The power gain Kp is of no less importance for pre- 
amplifier stages. Power amplifier usually operate in a transistor collector cur- © 
rent cutoff mode. They are frequently structured in the form of hybrid integrated 
circuits (GIS). Questions of the theory and design of microwave power amplifiers 
are treated in the literature [1-5]. 


A number of problems must be solved when 





of os designing a microwave power amplifier, 

C, a hy one of which is assuring a transistor oper- 
ating mode which makes it possible to 
obtain sufficiently high values of the 
efficiency and Kp for a specified output 

Figure 16.1. Basic schematic of power. Because of the difficulty of an 
a microwave trans- analytical solution of such a problem, 
istor power amplifier. experimental techniques are frequently 


used in practice to determine the optimm 
operational mode of.a transistor [6]. 


The procedure presented here for the design calculations of a microwave power 
amplifier is based on the utilization of the "piecewise-linear" transistor model. 
This thoery makes it possible to analyze the major processes in a transistor in 

a collector current cutoff mode, ascertain the influence of transistor equivalent 
circuit parameters of its operational mode, develop an engineer procedure for 
design calculations of high power amplifier stages and compare two transistor cir- 
cuit configurations: common emitter (OE) and common base (OB). 


The amplifier mode depends in many respects on the proper design of its external 
microwave circuits. In this regard, questions of the electrical and structural 
design of microwave circuits for transistor power amplifiers are treated in 
Chapters 17 and 20. . 


16.2. The Equivalent Circuit of a Microwave Transistor 

The equivalent circuit of a microwave power transistor is shown in Figure 16.2 for 
the collector current cutoff mode. Taken as its basis is the physical equivalent 
circuit of Giacoletto, supplemented with certain elements of importance for the 


microwave band. We shall explain the elements of the circuit of Figure 16.2: Lp2, 
Le2 and Le? are the external lead inductances of the base, emitter and collector 
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[respectively], usually made in the form of strips or stubs; Lp1, Le, and Le} are 
the corresponding inductances of the internal leads; Cpd, Ced and CcQ are the 
transistor lead capacitances to the package; Cyx is the collector metallization 
capacitance to the package; rp, ry, and rg are the resistances of the base, collec- 
tor and emitter material (ri, also incorporates stabilizing reistance which is a 
structural component of a number of microwave transistors); r is the recombina- 
tion resistance; Ce is the barrier capacitance of a cutoff emitter junction; Cdif 
is the diffusion capacitance of a turned-on emitter junction; Cca and Cep are the 
components of the collector junction capacitance, called the active and passive 
component capacitances respectively of Ce; Cee is the through capacitance of the 
emitter contact region; 


a oe ee > U", 
g vw 0, ily Kz ie 


is the equivalent controlled current generator. The junction transconductance is 
a complex quantity: §,-:S_¢xp-- jot , where wtq * 0.40/wyit is the phase 
determined by the charge carrier transit time (wult = 2™fy1r, where fult is the 
ultimate current gain frequency in a common emitter configuration); un is the 
instantaneous voltage across the emitter junction; U' is the voltage shift for the 
approximated static characteristic ic (uy) of the transistor with the piecewise 
linear approximation. The capacitances between the leads of the transistor are 
not shown in the schematic of Figure 16.2, which can be neglected in the case of 
power devices. 


The use of the relatively cumbersome equivalent circuit of Figure 16.2 is justi- 
fied for practical calculations at frequencies’ w for which 1/ wCyo < 10uLp 9. At 
lower frequencies, one may disregard the capacitance between the leads and the 
package Cyg (Cho, Ceo and Coo) and the capacitance CKK, while the inductances of 
leads Ly1 (Lp1, Le, and Lei) and Ly2 (Lb2, Le2, Lez) are replaced by their sum 


Ly = Ly1 + Ly2. 


The parameters of the equivalent circuit depend on the currents flowing through 
it and the applied voltages. Because of this, a rigorous calculation of a trans- 
istor operating mode is difficult, even on a compvter. However, one can make a 
rather simple analysis of the processes in a transistor, taking into account the 
major phenomenon in a cutoff mode, if a simplified model is employed. The para- 
meters of this model are the result of linearization of the actual transistor 
parameters individually for the active operating regions and the cutoff region. 
Linearized parameters depend on the transistor operating conditions, for a sel- 
ected mode, they are considered constant within the range of each region. 


Reference data, which are usually the following quantities, can be used to 
estimate the parameters of a transistor equivalent circuit. h2le is the static 
current gain in a common emitter configuration, tk is the time constant of the 
internal feedback circuit, also designated as "rp, Cc, where C,¢ is the capacitance 


- 280 =- 
FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 





Figure 16.2. The equivalent circuit of a microwave transistor. 


(The closed position of the switch corresponds to 
the turned-on state of the transistor; an open 
switch corresponds to the cutoff state). 


of the collector junction, Ce is the capacitance of the emitter junction, fyi1t is 
the ultimate current gain frequency in a common emitter configuration. Moreover, 
the collector current at which the value of fylt decreases by v2 as compared to 
the: maximum value fylt at a certain frequency f for a specified collector voltage 
is also indicated for power transistors. This current is called the critical 
current icr [1]. 


The following relationships exist between the data sheet parameters for a transis- 


tor and the equivalent circuit parameters: 


C,=C + Ci CFC + Cy c.* C/(2...4)5 


= ' e = . s F 
Te = Toca? Dore = S53 Fnae S_/2nC,. (16.1) 


Cyr €,-/ Crna’ Cure Cua l Cr Cra = Cyl (2. A); 
Th 6 Cyas Mayga-- Sah frp Sp/2nC,, 


2 ath = . -3 
ie qi, /kT, = 42.54 /( + 3.66 - 10 t,). (16.2) 


Sy =: Gigl RT y= 42,5ig/(1 -}-3,66- 107? ¢,), 
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KT9IDA B 45 3,5 | 1,5 | 0,7 1,5 12 150 10 
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KT6U6 Hi 1,5 30 4 40,216 43 3 3 
KTG10B H 1,3 15 6 32 -- {2,5 | 0,7 2,5 
KT904A H 2. 65 2 }0,1 13 43 3 3 
KT907A 3 5 110 1 |0,4 | 1,543 0,8 3 
KTOO9A 3 8 150 2 lor ft 4i,7 | 0,45 2 
KT909B 9] 1. 300 0,510,05] 0,5 11,7 | 0,35 2 
KT9I3BA H 1,3 25 2 j0,15}2 43 0,52 . 3 
KT913B i 2,5 50 1 10,2 |1 42,5 | 0,25 2,5 
KT913B vl 2,5 80 1 10,2 | 4 [2,3-] 0,23 2,5 
KT918B B 0,7 10° *| 1,3] — [0,7 }0,15] 0,8 0,8 
KT9I9A B 2,5 50 0,5/0,14} 0,7 40,14] 0,4 0,7 
KT919B B 1,6 20 1 — |1,440,25} 0,5 0,6 
KT919B B 0,7 10 2 |—43 {0,35} 1,3 0,7 
KT937A-2 B lCuqz=9,3| Co:-10 | 2 | ~— | 2 [0,25] Ly,=0,7) Lug =0,7 

Crise 0,8) Cyg 2,5 Lgg- 20,5] Ly = 0.6 
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1a11 of the transistors are n-p-n. 

21: all of the leads are insulated from the package; E: with the package connected 
to the emitter; B: to the base. 

3The junction to environment thermal resistance. 

‘When there is no value for h2le, take it as equal to 15 - 50. 

SWhen drawn in a graph, the parameter is considered equal to zero. 


Key: 


. P, watts at t, = 25 
. £, MHz; 

. UcO, V; 

- Pout, watts; 

. Power gain; 

. Efficiency, %; 

. h2ie%s 

. U', volts; 

. Salt, mhos; 


ee 
FP OUWMANAUPWNH 


Uce, volts; 
Ueb, volts;. 
Tc.i, amps; 
Ic, amps; 
Icr, amps; 


: Rjunc.coll. » °c/w3; 


t C; 
Jj? ’ 
tos °C; 
°C; 


18. fuilt, MHz; 
20. Electrical parameters and equivalent 
circuit parameters; 
21. Cog, PFd; 
22. 3,000 at ic = 0.6 amps. 
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where q is the charge on an electron; k is Boltzmann's constant; Tj and tj are 
the junction temperatures in °K and °C; ig is the collector current, amps; S, is 
in mhos. 


Moreover, the static transconductance ic(uy) is used in the calculations, which is 
equal to the ratio of the small increments in the collector current and the base 
to emitter voltage in the case of a short-circuited load: 


s= bo ye/ tty +rt (1th, , tr] (16.3) 


S = horaltré +r+(l +hna) rs]. 


When averaging the parameter Sq, it is recommended that a value of the current ies 
equal to half of the height of a current pulse of the equivalent generator icm or 
the amplitude of its fundamental Igi, .be subsituted in formual (16.2), which in 
typical modes is close to 0.5icm. 


The junction capacitances C, and Ce depend on the voltages applied to them. When 
averaging the junction capacitance over a radio frequency period, one can take the 
collector capacitance in the case of a voltage across it of UcQ as Cc. The aver= 

é aged value of Ce falls in a range between Ce (ugh = 0) and Ce (ueb = Ueb max): 
When calculating transistor operating conditions, the averaged parameters of Cc 
and Ce are taken from Table 16.1. 


16.3. A Time and Harmonic Analysis of Transistor Currents and Voltages 


In the general case, the voltage and current at the input to a transistor in a 
cutoff mode have a nonharmonic waveform and this complicates the calculation. 

In the microwave band, the input current of power transistors proves to be close 
to a harmonic waveform though because of the ‘suppression of the higher harmonics 
of the current by the inductance of the input lead. The current waveform is even 
closer to a harmonic one when coupling networks are used which contain an induct 
ance inserted in series with the input transistors (Figure 16.1). The collector 
voltage waveform is also different from a harmonic waveform because of the non- 
linearity of the collector capacitance, as well as because of the nonzero 
resistance of the collector circuit for higher harmonics. However, practice shows 
that the assumption of a harmonic voltage waveform does not lead to large errors 
when determining the major power indicators of amplifiers. In accordance with 
this, in the following analysis we shall assume that the input current and the 
collector voltage do not contain higher harmonics. 


At frequencies of f > 3fu1t/h2le, the resistance R (Figure 16.2) is a poor 


shunt of the capacitance Ca, and it can be disregarded. This inequality also 
governs the lower cutoff frequency for the analysis given here. 


At low frequencies, with a harmonic voltage across the collector, the optimal 
condition in terms of the set of parameters (power deliverdd by the transistor, 
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Pout; the efficiency and Kp [power gain]) is the limiting mode, which is character- 
ized by the slope of the limiting mode line, Slimit, determined from the static 

characteristics. At microwave frequencies, the residual voltage across the collec- 
tor exceeds the value found from the static characteristics for the specified pulse 
height [2], and therefore the quantity Sjimit < Slimit is used in the calculations. 


my 





Figure 16.3. The equivalent circuit of the input circuit of an 
amplifier for the calculation of the voltage across 
the emitter junction for the on (a) and off (b): 
states. 


To assure the maximum efficiency with a harmonic collector voltage, the load resis~ 
tance, Rg, of the equivalent generator with respect to the first harmonic should be 
resistive. The resistive nature of this load and its value are assured through 

the tuning of the collector circuit. 


We shall now move on to the time analysis of the voltages and currents in the 
circuits of Figure 16.3. We shall initially treat the voltage waveform across 

the emitter junction of the transistor in the common emitter configuration. It 

is governed by the control current i, which takes the form of the difference 
between the base current and the current flowing through the collector capaci- 
tance. The base current contains a::small constant component Ip and a harmonic . 
component, equal to the input current of the stage. We shall consider the current 
through C, ti be harmonic, since it is primarily determined by the sinusoidal vol- 
tage at the collector. For this reason, one can assume that the alternating compo- 
nent of the control current contains only the primary frequency component with an 
amplitude of I, which governs the voltage across the junction uy [uj]. 


The voltage uj can be calculated by employing the equivalent circuit of Figure 16.3, 
which reflects the processes in the emitter junction and is a part of the equiva- 
lent circuit of Figure 16.2. The voltage across the transistor emitter junction for 
the active range, 43 on and for the cutoff range, uj off, is determined by the fol- 
lowing differential equations respectively: 


ie Soeascuuhs (16.4) 
oe tr ory = UD ~wlcosml np ty > U'; 
dt 
i ap 
. at Keay gate os evs cat pW ty SU. 
df 
(16.5) 
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TABLE 16.2 


Aida o wipe ca ee 


wir] 0° | cos 0 | Vo (9) || 8 (9) 


0° cos 0 Yo (9) 















G0 0,590 | 0,109 
65 0,423 0,156 
70 0,342 0,166 
7 0,320) 0,172 
72 0,09) 0,179 
73 0,292 | 0,186 
TA 0,276 | 0,192 
75 0,259 | 0,199 
76 0,242 | 0,208 
77 0,225 | 0,214 
7 |. 0,208) 0,221 
79 0,191 } 0,229 
80 0,174 | 0,236 
8i 0,156 | 0,244 
82 0,139 | 0,253 
3 0,122 | 0,259 
84 0,105 | 0,267 
85 0,087 | 0,276 
86 0,070 | 0,284 
87 0,062 | 0-293 
88 0,035 u,3u1 
89 0,017 | 0,309 
90 0,000 | 0,319 
91 | —0,017 | 0,328 
92 | —0,035 | 0,337 


93 | —0,052 | 0,315 
94 |} —0,070 | 0,354 0,543) 1,55 
95 | —0,087 | 0,363 ,054) 1,55 
95 | --0,105 | 0,372 | 0,566 1,42 
97 | —0,122 | 0,381 
93 | 0,139 | 0,391 | 0,588 1,50 
99 | —0,156 ] 0,401 
100 | —0,174 | 0,411 
101 | —0,191 | 0,420 
1o2 | —0,208 | 0,429 
103 | 0,225 | 0,438 
104 | —0,242 | 0,449 
105 | —0,259 | 0,458 
106 | —0,276 | 0,467 
107 | 0,292 | 0,477 
108 | --0,300 | 0,488 [0,692 142 
109 | —0,326 | 0,498 
10 | --0,342 | 0,509 i ‘ 
Hi | 0,358 | 0,519 0,722) 1,89 
112 | —0,376 | 0,628 [0,731 1,38 
13 | --0,991 | 0,538 
14] --0,407 | 0,548 
115 | --0,423 | 0,558 
118 | —0,469 | 0,589 
120 | —0,500 | 0,609 


0,632( 1.61 





« Figure 16.4. A graph for calculating the coef- 
ficients y, from equation (16.11). 


My en 





4 
Figure 16.5. The equivalent circuit of a common 


emitter amplifier for the fundamental 
frequency currents and voltages. - 
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The solution of equations (16.4) and (16.5) has the form: 


U = U! = uy arnpa U" == (L/@Cp) (sin wl —cos 0) 
j on up ty > US (16.6) (16.6) 
7 when u; > U! 
u. -U's ty aanp —U" == (1 /@Cs) (sin «t—cos 0) 
j off mpi un <U', (16.7) . (16.7) 


when us < U' 


where 6 is the equivalent generator (EG) current cutoff angle. 


The equivalent generator current, ig, is proportional to the voltage (uj on - U') 
and has a cosine pulse waveform. Taking (16.1) into account: 


Si i = ip: (forp/o) [sin (ml. ety) -- cos O] 


8 uplt ay > U". (16.8) (16.8) 


when us > U! 


The complex amplitude of the first harmonic Ip) and the constant component of the 
equivalent generator current, Ic, can be faind using the expasion coefficients for 


y the cosine pulse y,; and yg (see Table 16.2): 
i I l = try 7 —-j (dene /0) Yr exp (— jos): (16.9) 
& 
i -= Nye Ly9 22 Topp Pol. ; (16. 10) 
c 





The cutoff angle is governed by the balance equation for the D& voltages at the 
transistor input, which taking expressions (16.6), (16.7) and (16.9) into account 
as well as the relationships between the transistor parameters, can be reduced to 
the form: 


(Tt es ' = - \ = 
(uy 7 U wu lay cosé/y, + (1 W1tle/SYo/v1 (16.11) 


; ult’e 


= —(Uno--- U') Orp Caller == COS 0/y1- |- ¢| Opp Cy/S) Vol'vs- 


Here, Uo is the base--emitter bias voltage. 
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Ig" 5 Cua “ena 





Figure 16.6. The equivalent circuit of a common base amplifier 
for the first harmonic current and voltages without 
taking the package capacitances into account (a) 
and taking them into account (b). 


Knowing the transistor parameters S, Wult, Ce and U', one can determine the 
expansion coefficient y, for the specified current Ig] and the bias Uyo using the 
graph of Figure 16.4, which is plotted in accordance with equation (16.11). 


The peak inverse voltage across the emitter junction, in accordance with (16.7) 
and (16.9), is equal to: 
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e Yep peak ~ “on nm*~ —/mll {-c08 0)/Orp Cove". (16.12) 


The first harmonic of the voltage at the emitter junction, averaged over one 
high frequency period, in accordance with (16.7), is equal to: 


os ~ mn cate. a (16.13) 
Us uncton Ll yy U unetton 1 off Um & Un aanp = ~~ jf (L—y)/0C,. 


In a common base circuit configuration, the voltage across a cutoff emitter junc- 
tion and the collector current pulse are somewhat asymmetrical in the general 
case with excitation by a harmonic emitter current. This leads primarily to a 
change in the phase of the fundamental of the emitter output current relative to 
7 the input current. However, at the higher operating frequencies of a transistor 
(above frp [feutoff]), this change is comparatively small (about a few degrees) 
and it can be disregarded because of the small gain in the calculation precision. 


The harmonic analysis made here makes it possibie to move on from the transistor 
model shown in Figure 16.2 to the equivalent circuits of generators with common 
emitter and common base configurations for the fundamental current and voltages. 
For frequencies at the which the capacitance CpQ can be disregarded, these cir- 
cuits are shown in Figures 16.5 and 16.6a, while for higher frequencies at which 
a common emitter circuit is usually employed, see the circuit of Figure.16.6b. 
An equivalent current generator with a switch is replaced with a fundamental 
harmonic current generator Ir [Ipn 1], defined by formula (16.9), while the 
emitter junction is represented By a capacitance averaged over a period of the 
radio frequency, which in accordance with (16.13) is equal to C= Ce(1 - y;)>1. 
The resistance rg represents the losses in the material of the collector in the 
parallel equivalent circuit. 


The system of equations which relate the complexing amplitudes of the currents 
and voltages in the circuits of figures 16.5 and 16.6a is given in §16.5. 
16.4. The Properties of Common Emitter and Common Base Generator Configurations 


In analyzing and comparing the main properties of common emitter and common base 
oscillators/amplifiers, it is expedient to treat two cases separately: ' 


1. A low inductive reactance for the common lead wheom, for which the fundamental 
harmonic voltage across the inductance Leom does not exceed 3 to 5 percent of 

the voltage amplitude across the collector. The following inequality corresponds 
to this case: for a common emitter circuit: 


wl, = wl, <0,03R,, (16.14) 


while for a common base configuration: 
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2 wl, = wL¢< 0,1 (rp Vi/O) Ry (Ud -F Opp Cy Ree Wh (16.15) 


where RK = [Rel = (0.25...0.35)UZ9/Pouts ¥1 = 0.3...0.6. 


2. A large inductive veactauce of the common electrode lead. 


In the first case, all of the design calculation equations prove to be simpler and 
they can be used to easily illustrate and explain the basic properties of ampli- 
fiers and simply execute the design of an oscillator/amplifier for a specified 
power in a load. For this reason, we initially tura to the first case. We shall 
assume that f < feutoff. Then, as a rule, one can disregard the resistance ri and 
consider the junction transconductance to be areal quantity. Moreover, in this 
case, one can neglect the capacitances Cxg [Cce] and Cyx [Cec]. 

. 
By solving the system of equations which relate the complex amplitudes of the 
voltages and currents introduced in the equivalent circuits of Figures 16.5 and 
16.6a, we find the current transmission gain: 





K. =I = : (16.16) 
i com.em. gent! b1 Kioa = Val fin + Jy P/O (L | Oy Cy Ri Vy) 
Ky com. base ~ Kion == Fal faye (Vb jody v5 (16.17) 
And the input impedance for the fundamental frequency current is: 
nya Sng | hen Zyx4 09° O/ hin Zyy1OB U,/ bay 
where 
“CU Lorn Cra R “| pn bo Yael 
ee rel | Orp Gra 1 Pi)-} Opp Lo Va oe (16.18) 
1-f- Opp Cre Ree Ve 
Le | tol.y-— (Lys) (Ca 275 Opp Pil 
Xpeoa OL, |- 2 
Vyx1 09 LG L-[-Opp Cy Rie Vi (16.19) 
Fuxt On > raf 
‘ 7 oo . 1- Vy rp Ve 
re (bf Opp Cra Rays) -Orp lov (U-] yep Cx Ri Wi) oe en (16.20) 
s 1 | (ep vile? 
Xax1 Ob ¢ ol, -|- 
Oy bey 
lg W | Ory Ca Res) $66 (EL Op Cua Ri yy et. aa (16.21) 


|-—- 


Fe (ep Y1/)? 


and the power gains are: 


| : rp V1 : fF es es a tt x , 
oe tes [7g (EF orp Cra Re 2) 1 Orp Lada 75] (EF orp Cx Rx v0) 
| (16.22) (16.22) 
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Kp os™ (Mp ¥1/0)? Ry (ro (1 -| ines Ry 1)— 
* Ory Ly Vt (1 -|- OD C, Ry v1) -| 3 (I —y) Oy) y/o? C, Me 
Lr {1-1 (Opp y/o}. (16.23) 


The properties of microwave transistor oscillators/amplifiers are determined to 

a significant extent by the high level internal feedback loops in the transistors, 
the nature of which differs for the common emitter and common base configurations. 
In a common base generator configuration with a resistive load, these are negative 
feedback loops through the inductance of the emitter lead Le and the collector Cy. 


The governing factor in a common base configuration oscillator/amplifier is the. 
positive feedback through the base lead inductance. © 


It follows from formula 16.16 that in a common emitter circuit, the coupling 
through C, leads to a reduction in the current transmission gain by a factor of 

(1 + weutC,Rny1) as compared to a short-circuited load. In accordance with (16.17), 
the transmission gain Ki com.base depends on the load impedance. In both cir- 
cuits, the current transmission gain at microwave frequencies is usually less than 
unity. Only at freuencies several times lower than fcyt in a common emitter con- 
figuration does Ki > 1. , 


In a common emitter circuit, the real part of the input impedance rin) og (16.18) 
is positive in the case of a resistive load and is independent of frequency. The 
quantity rin og [common base input resistance] (16.20) depends greatly on the 
frequency and with an increase in the inductance Lp can become negative. This. 
means that an externally excited generator is potentially unstable because of the 
positive coupling through Lp. 


For both configurations, the quantity Tinl. proves to be small: units or fractions 
of an ohm. An increase in the maximum power of a single transistor up to hundreds 
of watts is accompanied by a reduction in rjn1 down to hundredths of an ohm. In 
this case, the efficiency of the input matching circuit proves to be poor and this 
is one of the reasons which limit the increase in transistor power. 


The reactive component of the input impedance, xjn1, close to the upper cutoff 
frequency of a transistor, is, as a rule, of an inductive nature which is due to 
the inductances of the base and emitter leads. Usually, xin] component is consid- 
ergbly greater than rjnj and is a component part of the input matching network ae 
an amplifier. 


It follows from formula (16.22) that the power gain in a common emitter configura- 
tion is inversely proportional to the square of the working frequency. It is 


governed to a considerable extent by the values of Cy [Cgo11] and Le.: It can be 
shown that if weut Ley, > 3rp and tutCeoiReo1Y1 > 3, then: 


2 = Ge 
RS com .em. L/w CL, = Kpoa™ l/o®C, Ly. 
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An amplifier/oscillator is little sensitive in this case to the scatter in the 
transistor parameters and the change in the cutoff angle, but the gain proves to 
be low. The upper working frequency of a common emitter amplifier, corresponding 
to a reduction Kp down to 2 to 3 usually does not exceed foyt- 


Positive feedback loops act through the inductance Lp and the capacitance Cce in 
a common base amplifier. The feedback through Cye is of secondary importance for 
power transistors, just as the feedback through the capacitances Cka and Ck. The 
positive feedback through Lp explains :the..comparatively high sensitivity of a 
common base configuration to changes in transistor parameters and cutoff angle. 
This coupling can cause parasitic vscillation or strong gain in stability. It is 
necessary to take special steps to prevent this: incorporate emitter degeneration 
bias, insert neutralizing capacitances in the base circuit, or use an unblocked 
resistance in the emitter circuit. A special resistor can be used for this re- 
sistance, and sometimes, the internal resistance of the exciting generator, the 
output resistance of the power divider bridge, etc. 


The upper working frequency in a common base configuration can run to approximately 
Sfcutoft- 


Formulas (16.16) - (16.23) were derived with the assumption that wleom, is small. 
This assumption leads to a marked understatement of the output power and efficiency 
in a common emitter configuration with large values of ulcom and to an exaggera- 
tion of these quantities in the common base configuration. Because of this, we 
shall consider the impact of Loom on the power relationships in an amplifier/ 
/oscillator. 


In studying an externally excited generator, we are dealing with a system of two 
generators (the input signal generator and the equivalent controlled generator 

of the active device), which are connected through the elements of the equivalent 
circuit of the transistor to its load. It is well known from the theory of the 
joint operation of generators driving the common load that depending on the 
amplitude and phase relationships in the circuit, both power addition in the load 
as well as the transition of any of the generators to a power consumption mode are 
possible. 


In the common emitter configuration, the voltage across the load, Ux, and conse~ 
quently also the power are determined by the voltage difference between Up and U,. 
The voltage Ue is partially produced by the excitation generator current. The 
phase relationships for the currents and voltages are such that there is an in- 
crease in the power in the load as compared to the case where Le = 0 ("straight- 
through"). With a short circuit of the output or with a low load resistance, the 
portion of the excitation generator power related to the voltage Ue is dissipated 
in the collector of the transistor. 


If the generator efficiency is defined as the ratio cf the power in the load, Pout, 
to the power consumed from the collector supply, Pg, because of the straight- 
through flow, the generator efficiency increases simultaneously with the increase 
in Poyt- It should be noted that with this definition, the efficiency can prove 

to be greater than unity. 
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In a common base configuration, the voltage across the load is primarily determined 
by the sum of U, and Uzp, since the voltage across the capacitance C is extremely 
small. Just as in the preceding case, the voltage across the inductance of the 
common electrode is produced partially by the input current, however, in contrast 
to the conmon emitter circuit, the phase relationships in a common base configura- 
tion are such that a portion of the power Pg is transmitted to the input network. 
Because of this, the useful power in the load of an externally excited generator 
and the generator efficiency are reduced as compared to the case where Lp = 0, but 
nonetheless, less power is required from the excitation generator and consequently 
the gain is increased and self-excitation can even occur. 


16.5, The Procedure and Sequence for the Design Calculations of the Operating Mode 
of an Oscillator/Amplifier 


In the course of designing a generator with external excitation, one is to first 
choose the transistor and determine :its circuit configuration based on the speci- 
fied power and frequency. If the requisite transistor type is not present in 
Table 16.1, one can estimate the parameters of its equivalent circuit, using 
reference data and the estimates given in this section. Then the design calcula- 
tions are performed for the-electrié¢al and thermal operating conditions of the 
transistor. 


The type of transistor is selected taking into account the specified requirements 
for the output power and frequency from the reference handbook data. The para- 
meters of the typical operating condition, corresponding to the maximum utiliza- 
tion of the device both with respect to power and frequency are specified in the 
reference data for microwave power devices. The indicated output power corres- 
ponds to a transistor package temperature of about 20 °C. The useful power falls 
off with an increase in temperature, since the permissible power dissipation is 
reduced. With a reduction in frequency, the maximum useful power of a transistor 
increases. 


It is expedient to use microwave power transistors at powers of no less than 40 to 
50% of the power in the typical mode indicated in the handbook. Considerable 
underutilization of a device with respect to power leads to a substantial degrada- 
tion of its amplification properties. 


The range of operating frequencies recommended for a given transistor is also 
frequently indicated in the handbook. The lower working frequency is usually 
recommended at no less than 20 to 30 percent of fcoutoff, while the upper frequency 
is close to foytoff for a conmon emitter circuit and reaches 2 to 3 times foytofe 
for a common base configuration. At the lower operating frequency of this range, 
the maximum output power can be approximately twice as great as the power at the 
upper frequency limit. 


It sometimes turns out that the requisite power at a specified frequency can be 


2 obtained with different transistors. Where a choice is possible, it is preferable 
to use transistors with a higher gain, however, it is not desirable to use devices, 
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the lower frequency limit of which is higher than the specified working frequency, 
since in this case, operational reliability will be reduced, and the probability of 
self-excitation will increase. Moreover, higher frequency devices also cost more. 


The circuit configuration (common emitter or common base) is determined in a nur 
ber of cases by the package structure of the selected transistor. For example, 
KT907 and KT909 transistors can be used only in a common emitter configuration, 
since they have the emitter connected to the package. The KT918 and KT919 trans- 
istors, on the other hand, are used only in a common base configuration: they have 
the package connected to the base. The KT606 and KT904 devices can operate in 
either configuration, since they have leads which are insulated from the package. 
The KT911, KT913 and KT916 devices, aithough they also have leads insulated from 
the package, are more conveniently used in a common emitter configuration, since 
twe of their emitter leads should be inserted in the circuit in a balanced 

fashion because of structural design considerations. The common base configura- 
tion is a higher frequency circuit and is :used considerably more often frequencies 
above 1 GHz. 


The parameters of transistors needed for operational mode design are given in 
Table 16.1. If the selected transistor is not present in Table 16.1, its para- 

4 meters may be estimated by knowing the data sheet values for feutoff, rpCh and Cy. 
Moreover, one must know the inductance of the common lead. Transistors which are 
specially intended for common emitter or common base circuits have a minimal 
common lead inductance (0.1 to 0.4 ny) while the inductance of the collector and 
input leads are several times higher. The capacitance Ce is usually 5 to 10 times 
greater than Cy; the resistance Tk is close to rj, and rg does not exceed 0.3r}. 
The data sheet value of foutof¢ is usually 1.5 to 2 times less than the actual 
value, while the data sheet value of Cy is overstated by a few tens of percent. 


The time constant rjC,, which is indicated in the data sheet, can sometimes exceed 
the actual value by an order of magnitude. It must be kept in mind that the 
parameter rpjC, is the product of rj, times Cyag, and not times Cy. The parameter 
h2je is not critical in the design calculations for microwave amplifiers and 
oscillators. The static characteristic shift voltage U' for silicon transistors 
falls in a range of 0.6 to 0.9 volts. The parameter S/n [Siutoff] can be taken as 
approximately equal to 15Pout/Uf9» where Upg and Poyt correspond to the typical 
mode (Poyt in watts and Uypo is in volts). 


If the design calculations using the typical mode power and frequency yield a 
value of Kp which differs from the data sheet value by no more than +20% for a 
common emitter cnfiguration, one can assume that the equivalent circuit parameters 
have been as eas If the absolute value of the peak inverse voltage 
at the emitter |ugy peak| is greater than the permissible value or almost equal to 
it according to the desiga ealeulsrions: this means that the calculated value of 
Ce is understated. 


We shall move on the design procedure for the transistor operating mode at a 


specified power into a load Poyt. The initial data for the design calculations 
are: power delivered by the transistor, Pout; the working frequency £3; the 


90K 
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ambient temperature, tep; the transistor type and the circuit configuration (common 
emitter or common base). 


If the requisite power is close to the level which the transistor can deliver (but 
does not exceed it), then the standard supply voltage for this transistor is to be 
used: most often 28 volts. When a transistor is underutilized in terms of power, it 
it expedient to lower the supply voltage to improve the reliability. However, one 
must take into account the fact that cutting Uyg in half leads to a reduction in 
feutoff by approximately 5 to 15% and to an increase in Cy by approximately 20 to 
25%. The bias voltage Ugg in power stages is usually taken as zero. This simpli- 
fies the circuit and makes it possible to obtain a cutuff angle close to 90°, for 
which the ratio between Poyt, the efficiency and Kp is close to optimal. 


The transistor package temperature can be taken equal to py = tambient * (10...20) 
°C, taking into account the extra heating of the heat sink relative to the ambient 
medium. 


If the influence of .tLeom can be disregarded in accordance with inequality 
(16.14) and (16.15), then in the design calculations one can employ the simpli- 
fied equations (16.16)-(16.23). The procedure for such design calculations is 
set forth in [5-6]. 


We shall give a design calculation procedure for the more general case, where 
inequalities (16.14) and (16.15) may not be observed. In this case, however, it 
is difficult to accomplish the calculations directly for the specified power in 
the load. If is considerably easier to carry out the calculations by specifying 
the power Py developed by an equivalent generator. This power in a common 
emitter configuration is to be taken as 10 to 20 percent less than Pout, since in 
this circuit, the transistor output power has an increment because of the 
straight flow through of a portion of the input power. On the other hand, Pg is 
to be taken greater than Poyt in a common base configuration, since a considers 
able portion of the power developed by the current generator, Ig1, is fed to the 
input circuit of the amplifier. At frequencies above feutoff, Pg is to be taken 
at 20 to 20% higher than Pout in a common base configuration; at frequencies 
below feutoff, this difference is less. 


Initially, the calculation is carried out in the following order regardless of 
the circuit configuration (common emitter or common base). 


1. We determine the collector voltage utilization factor, specifying Pp and Uzo 
taking what has been presented above into account: 





RutOEE. Ep = 05 [1 4-1 16P (Srp Uito) I 


2. We find the current and voltage amplitude of the fundamental frequency of the 
equivalent generator: 
= U,. e p Ucar be os 2P,/U,. 
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3. The pea collector voltage, uk peak; should not exceed the permissible value of 
UKE max: 


+ U Mica = U yy Ui 5 max- 


“coll. peak = Yeo gen : UE max 


This inequality is not observed, the operational mode is to be changes or another 
type of transistor is to be selected. 


4, We determine the transistor parameters: 


Si a 42,51,,/(1 [+ 3,66- 10-° ty), ae haial Sw Si heis Irc il , 
rb 13 (1+ has)I- 


The value of ty [t junction! can be taken equal to the ultimate permissible value 
(see Table 16.1). : 


5. Having calculated the values of the parameters -(UBO - U' )ucutCe/Igeni and 
WeutCe/S, we find the expansion coefficient y, from the graphs of Figures 16.4 for 
the fundamental frequency of the equivalent generator current. Then, for the 
value found for y,, we determine the values of cos@ and the coefficient of the 
form gj = Y1/Yo from Table 16.2. 


6. We determine the peak inverse voltage at the emitter, ueb peak, from formula 
(16.12). The absolute value of ueb peak should not exceed Ueb max: 


Then in paragraphs 7 through 22 we calculate the complex amplitudes of the currents 
‘and voltages in the elements of the equivalent circuit of Figures 16.5 and 16.6a. 
The current Ig] is taken as the vector with the zero phase. In this case, the 
vector Ig] is equal to its own scalar value Ig) found in paragraph 2. 


© _ (cos @t,-|-j sin @t,), re Oty = 0,400/0¢p. 
pp V1 
8. Gin . —-jl(h --,)/0C). 9. cua ee U,-|- Tun. 10. Texa fpr 
joe ya Ooxa- lI. Teo: a T-- Towa. 12. Oro eo '6 Ihe . 13. Ucua ree 
Ona: | Uewa- 14, fous? joC un Ocun- 15. uo 1(oC,)? rel ‘ 
Ib, ty Ceunll 17. In oe he: |: Town are 18. Ois- . jols Kin. 
19, Igy a | Uy. 20. User tor (13 1 JOE). 21. U,=- Us-- O16 


1 Use [- On. 22. Mi = Ty Teun ~ Lown trv 


7. I. - Va 





23. We calculate the voltage amplitude across the load and the input impedance of 
the transistor for the fundamental frequency: Uco] com.em. ~ Ugen ~ Ue; 
Zin 1 com.em. = UB/Ibase 13 Uc com.base = UC col. gén. * UL base; 2in 1 com.base ~ 
Up/Ic1- aes Ux os = 

U, ~ Us; 2nx109 7 U,/Isi, Ox ons Ucun4- U6; Unni on = Up/for- 
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24..The excitation power and the power delivered to the load are: 


exc P,=0,5[Re U, Re Inga -t- Lin U, Lm Ayal; 
Prax «= Q,5[Re Ox Re fyi -{-tm Ux Im Iki). 


rg 
t 


out 


For the common emitter configuration, Ijin 1 = Ibase 1; Ucol = Ucol com.em.; and for 
the common base configuration, Ijn 1 = Ie1, Ucol = Ucol com.base- 


If the power in the load Poyt found as a result of the calculations differs consid- 
erably from the specified value, the calculations are to be repeated, correcting 
the value of Pgen, taking the deviation into account. 


25. The DC component of the collector current, the power consumed from the supply 
and the efficiency are equal to the following regardless of the circuit configura- 
tion: 


I~ Tyal@e (8); Po Ie Uso 1 Pruax/Po- 


26. The power gain, the power dissipated by the transistor, and the permissible 
power dissipation for a given transistor package temperature are determined from 
the following formulas, regardless of the circuit configuration: 


Kp=PoyxlP os Ppact Po—Ponx-t Pai 
inax => (tn max bd) /Run- 


The maximum value of ty max [maximum junction temperature] is the maximum permis- 
sible value of t, from Table 16.1. 


It must be demonstrateu that Ppac [Pdiss] < Pmax- 


27. The equivalent load impedance at the external leads of the transistor is: 


21 oad 1 ~ Veot! Teo 1 7 J@bEow ta Uli — jalan 
where Ueol = Ucol com.em. for a common emitter circuit and Ucol = Ucol com.base 
for a common base circuit. 
In some cases, zero bias is nct optimal. For example, when a transistor is con- 


siderably underutilized in terms of power, the cutoff angle in a zero bias mode 
is too small as compared to. the optimal value. On the other hand, in a common 
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base amplifier, a resuction in the cutoff angles may be needed to stabilize the 
operating mode. For this reason, it is necessary in the first case to introduce 

- unblocking bias to increase the cutoff angle, and Sn the second case, to use block- 
ing bias, for example, self-biasing to reduce the cutoff angle. In these cases, 
the design calculations should be performed for the specified cutoff angle. The 
procedure for such design calculations differs somewhat from that given in para- 
graphs 1 and 5. , 


A more precise formula is used in paragraph 1: 
Scutofeé: = Ep = 0,5 [1 LVI 5 BP I (Srp (O)U ko) 1, 


where a(0) is determined for the specified angle 0 from Table 16.2. The bias 
voltage UBO is found in paragraph 5 from formula (16.11), where this bias assures 
the specified cutoff angle. If the bias is blocking bias, it can be realized by 
means of a resistance Re = -Up0/Ic, which is bypassed with a capacitor. 


The calculation procedure cited here for power amplifiers is given for frequencies 
at which one can disregard the capacitance CgO. For the 3 to 5 GHz band, a more 
complete equivalent circuit of a transistor is to be used (Figure 16.2). Common 
base amplifiers operate in this band. The equivalent circuit of a common base 
amplifier is show in Figure 16.6b. The design calculations are carried out ini- 
tially in accordance with paragraphs 1--18. Then, the following currents, voltages 
and resistances are calculated in paragraphs 19--37: 


19. Io Ka = jon Ur, Of). Iho = 1 |- heainlegs , 
21. Urs = jolly, Iho ’ 22. Ucs0 =Uj6 ‘+ UrG -|- Um -|- Urs 


(We neglect the voltage across rg because it is small). 


23. lego joCoo Ugg: 24. far==T hott loso- 
95. Upag = joloata. — 26.U yg U erg Ur: 


27. tnx U5/ 15 7 28. U C447 Ucun'| 16: 29. Foy = JOC un U enn: 
0. Trt 7 Neale Teun — Lona !ns Henn BL. Op yy Joli Iya 
92. Uego = Ueun—Utare 33+ Fey JoCnn Vege 4. Fu Teoh et 


‘ 35. Ur yg jolie Ty. 36. On == U eyo — Uy: 37. Zn = Unf Ty. 


38. The excitation power and the power delivered to the load are: 


Pexc = Py=0,5(Re Up Re Fyy --1m Up lin Iy1); 
P 7 Parax 70,5 (Re Uy Re fy-| Tn Uy Tn Fy). 
out 
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The quantities Ig, Pg, n, Kp and Pgiss are found just as in paragraphs 25 and 26 
of the preceding design procedure. 


As experience shows, at frequencies on the order of hundreds of megahertz the 
experimental and calculated results for the averaged parameters of a given type 
of transistor are sufficiently close, and for this reason, there is no necessity 

= of a substantial reworking of the circuitry and structural design as compared to 
the calculated values. The influence of the imprecision in the knowledge of the 
transistor parameters and their scatter is easily eliminated by means of using 
fine tuning elements without changing the circuitry. 


| The design of amplifiers for frequencies on the order of several gigahertz based 
on the handbook data for transistors cati apparently not be accomplished at the 
present time without experimental breadboarding to realize possible changes in the 
circuitry and structural design. This is explained by the approximate nature and 
complexity of the equivalent circuits of transistors and the inadequate precision 
in determining their parameters. The latter is related, on one hand, to measure- 
ment difficulties, and on the other, to the scatter in.the parameters. Ina 
wavelength range of 10 cm and shorter, even a comparatively slight scatter in the 
inductances of the leads and capacitances of the package can lead to sharp changes 
in the input impedance of a transistor because of resonarce phenomena. This is 
explained by the fact that the input circuit of a transistor, which includes these 
reactive elements, forms a resonant system with a high Q (of about 10), which 
resonates:within the working passband of the transistor. For example, in a range 
of 3 to 5 GHz, the calculated values of the resistive and reactive components of 
the input impedance of a KT937 transistor change by two orders of magnitude. The 
resonator nature of the input circuit is also responsible for the high sensitivity 
of the input impedance at a fixed frequency to small changes in the input circuit 
parameters. For example, an error of 20% in determining the inductance Le1 close 
to resonance changes the values of the resistive and reactive components of the 
input impedance of KT937 transistor by an order of magnitude. iImprecision in 
the fabrication of passive networks can have similar consequences. Moreover, 
when designing coupling networks, certain parasitic coupling circuits which in- 
fluence the operating mode of an amplifier are not taken into account. Many of 
these factors can be disregarded at lower frequencies. 


The measurement of the matrix parameters of a transistor does not eliminate the 
indicated difficult. Such measurements are also have a great deal of ambiguity, 
since a slight change in the length of transistor leads can greatly Shanes. the 
measurement result. 


The Saacieten that calculations where one fixed set of any parameters are used, 
either "physical" or matrix, are inadequate follows from what has been said above. 
It is recommended that calculations be performed with variations in the parameters. 
A series of such calculations will assist in ascertaining the most critical para- 
meters, predicting possible changes in the operating mode of a transistor which 
are related to the scatter in different specimens of the transistor, the change 

in frequency, etc., as well as in selecting the kind of coupling network and 
providing for the requisite means of fine tuning. 


- 299 . 
FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


17. EXTERNALLY EXCITED MICROWAVE CIRCUITS FOR TRANSISTOR OSCILLATORS AND 
AMPLIFIERS 


17.1. General Information 


In externally excited generators, designed in common emitter (Figure 17.1la) or 
common base (Figure 17.1b) configurations, the microwave networks can be repre- 
sented in the form of four-pole networks of linear reactive elements, the power 
losses in which are neglectably smail. 


To obtain a selected power operating mode for a transistor, it is necessary to 
provide the requisite impedances with respect to the fundamental frequency, 

Zin 1 and Zjoad 1 (Figure 17.1), at its input and output. These impedances can 
in principle be determined by calculating the operational mode of the transistor 
based on its physical equivalent circuit (see Chapter 16 or [1 - 5]). At the 
present time, the calculation of the operational mode of a microwave power trans- 
istor is an approximate calculation, and as a rule, requires in addition that 

the electrical parameters of the transistor be found more precisely experimental- 
ly. Because of this, the method of experimentally determining the total input 
Zin 1 and output out 1 impedances of the transistor with respect to the first 
harmonic at some specified frequency and a definite electrical operating mode 

has become widespread in practice along with the analytical technique. A general- 
ized schematic of a generator in which the transistor is replaced by the 
equivalent circuit taking these impedances into account is shown in Figure 17.2. 
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Figure 17.1. General schematic of an amplifier/oscillator with 
external excitation. 


Key: 1. Input microwave network; 
2. Output microwave network. 
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Figure 17.2. Generalized radiofrequency circuit of an amplifier/ 
oscillator with the transistor equivalent circuit. 


— ; 
It is presupposed that Zoyz¢ 1 corresponds to the complex conjugate of the 


load impedance of the transistor Zjoad 1, 1-€-s Zout 1% Zioad 1° 
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Figure 17.3. The equivalent circuits of transistor input (a) and 
output (b) networks. 





TABLE 17.1, 
(4) (5) (6) TaGanuna 17.1 
Transistqr z e | 2 & a a7) “ 
‘Tun . | 4 o 6 Kp n % e (8) 
TpansneTopa = ” a 4 Ss a : 
Type Wa Poe [PS] f | 2 | a 5 
_Type JPvtaisoye tat td 
i 
K 1607 6 41,3 |12 [| 1,2] 1 1 3 45 
RTGI 4,2 |0,9 | 180 2,21 1 0,3 6 60 2 
KT904 5,5 16,5 | 85 8 | 0,4] 3 3 50 7 
— — -KT9N4® 4,5 {3 105 4,9| 0,41 3 4 60 2B 
i KTOIA 8 5 36 6 1 1,5 4 40 2s 
;  KTMAS 5 {3 35 | 5 |} 1- | 1,5 5 40 a4 
; K TOBA 3 3,19 | 52,5| 2,7) 1 3 3 45 alo 
,  -RTOBB 1,2 12,55 | 32,9] 4 1 5 2,8...3 | 55... as 
+  KT93B 1,2 12,23 | 16,0] 4,4] 1 10 |2,6...2,8] 60...65 8 
i+ KT918 6,5 }1,5 | 200 2,4| 2 1 4 40 
| KTOI9DA 1,6 |i,ti | 25,0) 12,7] 1 4 3 45...60 a 
KT919b B 2,3 11,27 | G41} 7,1] t 2,5 5 45 on 
| KT9IOB V 4,5 |0.955|118,6] 5,8] 1°} 2.6 | 10 55 
| * Beckopnycuan KoneTpyxiient 


*Unpackaged structure. 


Key: 1. ryn 1, ohms; 
2. Lin, nanohenries; 
3. R ohms; 
out 1° ’ 
Ae Ge: picofarads; 
5. Working frequency, GHz; 
6. P watts; 
t? > 
7. Power gain; 
8. Uco11. oO» volts. 


Calculations and measurements of the impedances Z;, ; and 2,4; 1 have shown 

[3, 6, 8] that the input circuit impedance of a transistor can be approximated 
by the overall impedance of a series circuit consisting of a resistance ryy 1, 
an inductance Lyp and a capacitance Cin (Figure 17.3a), the resonant frequency 
of which can be higher or lower than the working frequency of the amplifier/ 
oscillator, while the impedance of the output circuit is quite well avproximated 
by the impedance of a parallel circuit consisting of Royt 15 Loyte and Co,;~, which 
is shown in Figure 17.3b. The parameters of the transistor input and output 
circuits depend on its operating power conditions and frequency. For this 
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reason, the impedances Zj, 1 and Zo; 1 are determined at the working frequency 
for the selected operating mode. When an amplifier or oscillator operates in a 
certain band of frequencies, it is necessary to determine 2;, 1 and Zo; 1 for 
the transistor, taking its power operating mode throughout the entire specified 
bandwidth into account. The reactive component of the impedance Z;, } OF Zout 1 
can be of in inductive or capacitive nature, depending on the working frequency 
of the transistor. Experimental values are given in Table 17.1 for the elements 
of the equivalent circuit of the input and output networks of some microwave 
transistors, with the operating mode parameters indicated for which they were 
measured. 


When designing microwave circuits for oscillators/amplifiers, we shall assume 
that the impedances Zi, and 21944 1 (or Zout are known. Then the four-pole 
network in the input circuit of a generator (Figure 17.2) should transform the 
impedance at the generator input Z4 to the impedance Zip 1, while the four-pole 
network in the output circuit should transform the load impedance Zj9,4q to the 
impedance Zj9aq 1 (0F Zoyt 1)- Consequently, the microwave four-pole network 
in this case plays the part of an impedance transformer and for this reason is 
called a transforming network. Since the transformation of the impedances in 
the input (or output) microwave network is usually accomplished for matching in 
this circuit, the four-pole network is also called a matching circuit. It is 
understood in this case that when matching is achieved in the microwave input 
circuit of a generator, the greatest power will be transmitted from the stage 
driving the generator to the input circuit of the transistor. In this case, the 
impedance Z;, 1 and the impedance of the four~pole network at the connection 
points, Zin 1, will be complex conjugate quantities. In the output microwave 
network when matched, Z,,; 1 is the complex conjugate of the input impedance 
load of the four-pole network on the transistor side, which will deliver the 
spec fled power to the load. Taking that presented above into account, we shall 
call the microwave network formed by the transforming four-pole network of 
linear reactive elements a matching network [7]. 


The major electrical requirements placed on the microwave networks of an exter- 
nally excited generator are providing for the requisite impedance transformation, 
as low as possible power losses during power transmission, the specified band- 
width, the requisite filtration level of the higher harmonics and suppression 

of spurious frequencies. 


A specific feature of high power amplifier transistors as compared to low and 
intermediate power transistors is the small values of the resistive compunents 
Yin 1 and Rout 1 of the impedances Z;, 3 and Zoyt 1 respectively, which are fre- 
quently substantially less than the resistive components of the impedances at the 
generator input and output. In this regard, a microwave network should provide 

a relatively high transformation ratio (from a few units up to 10). In this 
case, the power losses increase markedly in the networks and the passband is 
narrowed. 


The efficiency of power transmission to the load is estimated in terms of the 
circuit efficiency, neyy, defined as the ratio of the power Pjoad, dissipated in 
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in the load, to the oscillatory power P delivered to the microwave network: 


Neir * Pioaa/? (17.1) 


In modern transistorized transmitters, including integrated circuit stages, 
externally excited generators are usually not tuned. The requisite bandwidth of 
the amplifier stage is governed by the conditions necessary for normal trans- 
mitter operation (for example, the kind of modulation, the range of frequencies 
covered without tuning the stage, the requisite phase stability of the signals 
at the output). 


The requirement of filtration of the higher harmonics basically applies to the 
output microwave circuit of an amplifier/oscillator. This is explained by the 
fact that microwave power transistors usually operate in modes in which the 
voltage waveform at the collector differs substantially from a sine wave. For 
this reason, to obtain a voltage close to a sine wave at the output of an ampli- 
fier/oscillator, the output microwave circuit should filter out the higher 
harmonics as much as possible. 


Matching microwave four-pole networks of the coupled resonant parallel circuit 
type or individual [, T and Il section filters (or two to three series stages 

of such filters) meet the electrical requirements considered here to a sufficient 
extent. The use of one to two such sections makes it possible to obtain a 

rather high impedance transformation ratio, provide for a comparatively wide 
passband and filter the higher harmonics. In the case of elevated requirements 
placed on the passband and the suppressicn of spurious and out-of-band signals, 
complex filters are employed. 


When designing the microwave networks for amplifier/oscillators used in the 
modules of active phased arrays, it is desirable to use the simplest microwave 
circuits which are convenient for integrated circuit technology. 


Microwave circuits for transistorized amplifier/oscillators using integrated 
circuit technology can be constructed from elements with lumped parameters, such 
as inductance coils, capacitors and resistors. These components have small 
dimensions and a sufficiently high Q in a frequency range of from hundreds of 
megahertz up to 1 GHz*. In circuits intended for operation at frequencies above 
1 GHz, elements with distributed parameters are used in the form of sections of 
unbalanced striplines. Making a stripline on a’substrate of a dielectric 
material with a high relative dielectric permittivity («> 7) makes it possible 
to substantially reduce the dimensions of a circuit. With the present state of 
the art in microwave microelectronics technology, integrated circuits with 
distributed and to a greater extent, with lumped parameters have relatively high 
losses, which are primarily due to the significant reduction in the perimeter of 
the conductors in step with the decrease in the element size. Because of this, 
microwave circuits should not be especially complex and contain a large number 
of elements. , 


¥See Chapter 20 of this book. 
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17.2. The Design of the Microwave Networks of Amplifiers and Oscillators 


The Input Microwave Matching Network (Figure 17.2). If the excitation power 

is delivered to the generator input by means of a matched transmission line with 
a characteristic impedance of p, then one can assume that the internal impedance 
of the driving source Z; is equal to p. 


In accordance with the equivalent circuit of the input circuit of a transistor, 
shown in Figure 17.3a: 


Zin 1* Zox1 = Fax +j (oLy,— 1/oC,,) =Tayt +p jXuxt- 


The reactive component x;, 1 of this impedance can be both of an inductive nature 
(at a working frequency higher than the resonant frequency of the transistor 
input circuit), and a capacitive nature (at a working frequency lower than the 
resonant frequency of the input circuit). For many modern intermediate and high 
power transistors, operating in the decimeter band, the values 1/wC;, are sub- 
stantially less than wly, [3.6], and in this case, one can approximately assume 
that: 


Zin 1 = Tin 1 + julLyy : Zaxt Sagi joL,,. 


Because of the fact that the inductance Lj, cannot be less than a certain value 
governed by the dimensions and structural design of the package and length of 
the leads (where a package is absent) of a transistor, while r;, ; decreases 
with increasing transistor power [3.8], the quality factor Q;, of its equivalent 
input circuit at the working frequency f, which is defined as: 


Qux fs 20f Lox! Taxi 


proves to be rather high, something which makes it considerably more difficult 
to design broadband input microwave circuits for an amplifier or oscillator. 


‘An input microwave circuit using: lumped elements is simplest when a T'-section 


reactive four-pole network is used. Examples of such networks are shown in 
Figures 17.4a and b. These circuits are feasible if the resistance p (or the 
resistive component of the impedance 2;) is greater than ry, j. In the circuit 
of Figure 17.4a, the inductance Lj, can be incorporated in the inductance Lj, and 
then the total series inductance of the I-network is Lgeries = Ly + Ly,- In the 


‘circuit of Figure 17.4b, the inductive reactance wL,, can be partially compensated 


by the reactance 1/wCo, if Lin is greater than the requisite value of L..,; A of 
the [-network. The T and Il section networks (Figure 17.4, c-e) make it possible 
to provide for impedance transformations in greater ranges for a specified 
frequency band than does aT section circuit. Moreover, with rather large 
parallel capacitances of these circuits, the filtering of the higher harmonics 
at the generator input is improved. 


When it is necessary to match impedances which differ significantly in value in 
a certain range of frequencies, stepped transformation is employed. Circuits 


are used for this which consist of several IT or Il sections with low transforma- 
tion ratios. 
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Figure 17.4. Circuit configurations of input microwave matching 
networks for an amplifier/oscillator using lumped 
elements. 
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Figure 17.5. Circuit configurations for input microwave matching 
networks of an oscillator/amplifier using asymmetrical | 
stripline sections. 


{[lg, = shunt inductance]. 


At frequencies above 1 GHz, microwave networks are designed around asymmetrical 
stripline sections (Figure 17.5), in which lumped noninductive capacitors are 
frequently inserted, which make it possible to additionally create an isolating 
capacitance in the circuit for the DC. In the circuit of Figure 17.5a, matching 
is achieved by using a single loop transformer (1, 1,, 1). In the circuit of 
Figure 17.5b, the matching network is made in the form of an irregular stripline 
1 with a changing characteristic impedance p(1). The circuit of Figure 17.5c 
differs from the circuit of Figure 17.5a only in the presence of capacitance 

C,. The loops 1,, 9 in the circuits of Figures 17.5a and c and lg, in the cir- 
cuit of Figure 17.5b play the part of RF blocking chokes. The loops are 
structurally made in the form of short circuited line sections with a length 
close to 4/4 (where A is the working wavelength in the line), having a high 
characteristic impedance (of about 100 ohms). The radiofrequency short circuit- 
ing of the loop 1,, 9 in the circuit of Figure 17.5c is achieved by connecting 
capacitor Cy, , to it which has a rather high capacitance. 


Naturally, the examples cited here do not exhaust the possible circuit configu- 
rations for these networks. When selecting a microwave network configuration 
which meets the electrical requirements placed on it, one must remember that 
the use of simpler circuits with low power losses makes it possible to simplify 
the structural execution of the microwave network and reduce the overall area 
occupied by the circuit on the substrate of a hybrid IC. 


The Output Matching Microwave Network (Figure 17.2). In the general case, the 
load impedance is Zy = ry + jxy> where ty and Xy are the resistive and reactive 
components of this impedance respectively. In the case where the generator load 


is the input impedance of a matched transmission line with a characteristic 
impedance of p, Zy = p. 
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In the design calculations of a generator output circuit, it is more convenient 
to use the admittance instead of the impedance Z,,;+ 1 (see Figure 17.3b): 


“bem = Gt i(0Cu =) 


oLpux 











sig MwtAXT Py a Souxt + JO eux = R 


sy Zoxt must 
é x 
Here Sout 1 and ‘bout 1 are the conductance and the reactive components of the 
admittance You¢ 1- 


For the majority of modern transistors in the decimeter band, the reactive com- 
ponent of the output admittance has a capacitive character (see Table 17.1) and: 


Yout 1 * 4/Rout 1 + 34Cout: Yrs © UR JOCou- 


The Q of the equivalent output circuit of a transistor in this case is: 


Quix * Riaz OC nue == Ruz OC gu. 
Here, w = 2nf (£ is the working frequency of the generator); Ry, ; is the resistive 
component of the impedance Zy ; of a parallel circuit consisting of Ry ; and 


Xy 1° 


Microwave power transistors usually have a low quality factor Qout? which is 
substantially less than the quality factor of their input circuit Q;,. In this 
respect, it is easier to design a generator output microwave network of suffi- 
‘cient bandwidth than an input circuit. 


Besides the impedance transformation, requirements are also placed on a matching 
four-pole network in the output microwave circuit of a generator to provide for 
a high efficiency, n, , a definite bandwidth and a requisite higher harmonic 
filtration level. The meeting of these requirements depends in many on the 
correct choice of the microwave network output circuit, the electrical character- 
‘istics of which are governed to a considerable extent by its quality factor Q, 
taking the load into account. With a small Q in the circuit, it is easier to 
obtain a high efficiency and a relatively wide passband, but in this case, it 

is more difficult to meet the requirement for good filtration of the higher har- 
monics. For this reason, such a value of Q should be assured in the design of 

a microwave output network that certain compromise requirements are satisfied. 





bi 
Chyg  Gin2 tho eet 
btn ra fen To 
oT! ale 
nO 
a (b) a) (ce), a (a) 





Figure 17.6. Circuit configurations of output microwave matching 
networks of an amplifier/oscillator using lumped 
elements. 
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Figure 17.7. Circuit configurations for the output microwave matching 
networks of an amplifier/oscillator using asymmetrical | 
stripline sections. 


r and fl section networks are frequently used in the matching output microwave 
circuit of transistor amplifier/oscillators. The simplest of them (the I section) 
can be used in cases where increased requirements are not placed on the filtering 
of higher harmonics at the generator output and it is necessary to match imped- 
ances which are close in value in a narrow band of frequencies. It is expedient 
to have a Q of such a circuit of no more than two to three. 


I-networks have become widespread in the circuit configurations of output micro- 
wave networks. To improve the filtering properties of microwave networks with 
respect to the higher harmonics, capacitances are inserted in the parallel 
branches of the Il-network. For this purpose, Il-networks are used which contain 
an additional series tuned circuit in the series branch, which is tuned to the 
fundamental frequency of the oscillator/amplifier (Figure 17.6b-d). The presence 
of such a filter makes it possible to substantially reduce the impedance of the 
series circuit (Lj, C, in Figure 17.6c, d) for the fundamental as compared to 

its impedance for higher harmonics, and thereby improve the filtering properties 
of the microwave network. [Il-networks which start with an inductance are used in 
a number of cases to improve transistor efficiency. Such microwave networks, 
because of the presence of the inductance, create a considerable resistance to 
higher harmonics, and a relatively large voltage level of these harmonics appears 
at the transistor collector, something which produces a substantially nonsinusoid- 
al waveform of the collector voltage. The collector voltage is small during 

that portion of the signal period when the majority of the resistive collector 
current is flowing, something which leads to an improvement in transistor 
efficiency. 


The circuit configurations for the output microwave network of an:oscillator/ 
amplifier, depending on their operating frequency and structural requirements, 
are designed around components with either lumped or distributed parameters. 


Examples of output microwave circuit designs for a transistor oscillator/ampli- 
fier with external excitation and using lumped elements are shown in Figure 17.6. 
The circuit of 17.6a contains a IIl-network, starting with a capacitor Cj. Fre- 
quently, capacitor C, is absent from the circuit and its role is played by the 
capacitance C,,,, of the transistor.. Capacitor C,, 3 is a blocking capacitor. 

The circuit of Figure 17.6b with a series resonant circuit, the inductances of 
which are a part of the inductance L, has better filtering properties with respect 
to higher harmonics. In the circuit of Figure 17.6c, the I-network starts with 
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the inductance Ly, the function of which has already been stated. The circuit 
of Figure 17.6d makes it possible to satisfy higher requirements placed on the 
matching of impedances in a rather wide band of frequencies as well as the 
filtering of higher harmonics at the generator output. 


Examples of output microwave network configurations are given in Figure 17.7 
using asymmetrical stripline elements. Lumped isolating and blocking noninduc- 
tive capacitors are also used in these circuits. 


In the circuit of Figure 17.7a, matching is achieved by a single loop transformer 
“(Qy, 1 9)> The characteristic impedance p of the line 1, is equal to the load 
impedance. The short-circuited loop 1,, 1 with a length of 4/4 performs the 
function of a radiofrequency blocking choke. A quarter-wave transformer is used 
in the circuit of Figure 17.7b which matches the resistances R,,; 4 of the 
transistor and p of the load. The reactive component of the output impedance 

of the transistor output circuit is compensated by the impedance of the short- 

- circuited loop 1,,. In the circuit of Figure 17.7c, line section 1, capacitance 
Cout and capacitors Cy and Co form a microwave network close to a II-network. In 
the circuit of Figure 17.7d, the microwave network consisting of line section 

» loaded into capacitance C,, is tuned to resonance at the fundamental frequency. 
The necessary coupling to the load is assured by connecting the load resistance 
o through an isolating capacitor Cy to a part of the line section 1. 


When designing the circuit configuration for a microwave output network which 

= meets the electrical requirements placed on it, one must strive to see that the 
circuit is as simple and as convenient as possible for its execution in the 
form of a hybrid integrated circuit. 


17.3. Oscillator/Amplifier Power Supply Circuits 


The power supply circuit for an oscillator/amplifier should be designed so that 
it does not disrupt the operation of its microwave circuitry. A parallel supply 
circuit is most frequently used (Figure 17.8), since the usual microwave circuit 
configuration does not allow for the use of a series supply circuit. In the 
case of a parallel supply circuit, the DC source is connected to the transistor 
terminals through a blocking choke, Lp, 1, which has a high resistance to the 
alternating component of the amplifier/oscillator current, so that the supply 
source has no influence on the operation of the microwave circuitry. Improved 
blocking of the voltage supply is achieved by inserting a capacitor which has 
a low resistance to alternating current (capacitors C,; 3 and Cp) 4 in Figure 
17.8a and b). To prevent the direct current component of the oscillator/ampli- 
fier from flowing into the load networks (or into the network of the preceding 

- stage), isolating capacitors are inserted in the circuit (Cy) 4 and Cp; 9 in 
Figure 17.8a and b). A series inserted microwave circuit capacitor (Cy in Figure 
17.6c, d) frequently performs the function of an isolating capacitor. The 
choice of the choke inductance and capacitance of the blocking capacitors is 
made by working from the requirements for normal operation of the oscillator/ 
amplifier circuit and the possibilities for realizing the blocking elements. 
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Figure 17.8. Parallel power supply configurations for an amplifier/ 
oscillator. 


In order that the blocking choke (Figure 17.8a) does not exert any marked 
influence on the operation of the transistor output circuit, its inductance 
Lp1 2 is chosen by using the approximate relationship: 


WL) 2 2 1ORoaa 1 Obey > 1ORy. | (17.2) 


The capacitance of capacitor Chi 4 is determined from the relationship: 


: Cons > 50- 10/00" Len | | (17.3) 


derived from the condition that the resonant frequency for series resonance of 
the circuit Lyi 2. Chi 4 (Figure 17.8a) should be considerably lower than the 
working frequency of the oscillator or amplifier*. 


The upper limit for the values of the inductance Lp, and the capacitance C,) is 
basically limited by the production process capabilities. To reduce the requi- 
site value of L,, in the case where Ryoaqg 1 7 Tload> it is expedient to connect 
the power supply circuit closer to the load, for example, as shown in Figure 
17.8b. The value of Lp, with this circuit configuration can be chosen from the 
condition wlpy 2 2 10ry,Q44- 


To estimate the approximate values of the parameters of the blocking elements 
inserted in the input circuit of an amplifier/oscillator (Figure 17.8a), one 
can derive relationships similar to (17.2) and (17.3): 


OLgn = 102, x13 Coun Zz 50-107 /o* Loan 
where 2nx1 7 Vria -|- Xiet .. 
The capacitance of the isolating capacitor (if it is not a component of the micro- 
wave circuit) is determined from the condition that the voltage be small as com- 


pared to the voltage across the resistance Ryo,q 1 (Figure 17.8a) or Yjoad 
(Figure 17.8b) when the fundamental frequency flows through the capacitor, i.e., 


*In expressions (17.2) and (17.3) and in those given in the following, it is 
assumed that w = 2nf, the working frequency is taken in gigahertz, the capa- 
citance is in picofarads, the inductance is in nanohenries and the resistance 
is in ohms. 
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Chi 2 210° 103/wR, where R is either Rioad 1 °Y Tioaq depending on the point 
where Cy; 2 is inserted. 


When designing power supply circuits for an amplifier/oscillator, one must keep 
in mind the fact that the blocking chokes and capacitors form tuned systems, 
which not infrequently lead to the appearance of parasitics in the amplifier or 
oscillator at a frequency considerably lower than the working frequency. This 
promotes an increase in the transistor current gain with a reduction in its 
working frequency. To prevent the appearance of these oscillations, it is 
necessary to reduce the Q of the blocking chokes, something which can be achieved, 
for example, by inserting a resistor with a small resistance r (a few ohms) in 
series with the choke (Figure 17.8c), or by fabricating the coil Lp; from a 
conductor with a high ohmic resistance. Another method of breaking up oscilla- 
tions at low frequencies is inserting capacitors of various values in series with 
Lyi which creates series resonances at definite frequencies substantially lower 
than the working frequency in the power supply circuitry (Chi 1, Cp 2 and 

Cyi 3 in the circuit of Figure 17.8c). These recommendations should be taken 
into account when designing an automatic bias network. 


17.4. The Design of Microwave Matching Transformer Networks Using Lumped Elements 


As has already been noted, linear reactive four-pole networks in the form of IT, 
T and Il section networks and combinations of them made from lumped elements are 
widely used as microwave networks. Complex impedances can be inserted in prac- 
tical circuits in the general case at the input and output of the matching four- 
pole networks. When designing a microwave network, the reactive components of 
these impedances can be incorporated in the four-pole network. Then there will 
be only resistive components* at theinput and output of the four-pole network. 


ome 1 


x 
series % l c 
7 nocn 
Pr fnocn .ptH O—--{__}0 lo 
of{—}{_}o 0 ee ‘ n= { ae a ‘f 
=< @) ‘ 4 Pat , 0 O ge ness ~ 
(a) (oy Tw (ay Ob) 9 (ed 
7 Figure 17.9. Equivalent series (a) and Figure 17.10. Af section network. 


parallel (b) networks. 


The property of four-pole I, T and Il networks of transforming an impedance is 
based on the principle of converting a series circuit of resistive and reactive 
- impedance components at a definite frequency to an equivalent parallel circuit, 
‘which has the same impedance as the series circuit (Figure 17.9). We shall give 
the basic relationships for such equivalent circuits [9, 10], by introducing the 
concept of circuit Q: Q = Xger/r for a series circuit and Q = R/Xpar for a 
parallel circuit. 


®The solution of the problem of matching arbitrary complex impedances by means 
of very simple matching networks is treated in the literature [11]. 
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By equating the impedances of these circuits, we obtain: 


r+ 4Xger = RixXpar/(R + 3Xpay) r-l-J xnoca=R J Xnap/(R-1-J sap) (17.4) 
Assuming that the quality factor of a circuit Q does not change during transfor- 


mation, and by using expression (17.4), we find the relationship between the 
impedances of the series and parallel circuits: 


£= Reap /(RE1- Xap) = R/T @), (17.5) 
Xnocn = Xnap R?2/(R3-- Xfap) = *nap Q2/(1 -1-Q%), (17.6) 
R=(1-b xnoea)/r==1 (1-+-Q), (17.7) 

Xnap =(F-b Xigcn)/Xhoon =Xyoon (1 -+ Q3)/Q2. (17.8) 


In the case where the resistances r and R are known, the reactances x,go, and 
Xpar can be found from the formulas: 


Sao, Pe a 
taoen =V(R—Af, Xuap=RUR—I (17.9) 
If follows from expression (17.5) that: 


Rin = (1-4) | (17.10) 
Thus, by varying the Q with the appropriate choice of values for Xge; and Xpar? 
one can obtain the requisite resistance transformation. 


The relationships obtained here make it possible to design lf, Il and T transform- 
ing networks, assuming that they match the resistances for a definite working 
frequency. The simplest of these circuits is a IT-network, containing two 
reactive elements. 


The T-Network. The equivalent circuit of a [-network is shown in Figure 17.10a, 
while two of its possible practical variants for matching resistances of r and 
R are shown in Figure 17.10b, c (where R > r). The impedances of the series 

and parallel circuit components have different kinds of reactance to obtain a 
purely resistive impedance at the input and output. The circuits of Figures 
17.10b and c are identical in terms of their transforming properties, however, 
the circuit of Figure 17.10b has better filtering properties as regards the 
higher harmonics, thanks to the insertion of a parallel capacitance. 


We shall give an approximate procedure for the design calculations of I-network 
elements for two cases, which are encountered most frequently during design 


work. 


-1, The resistances r and R, which must be matched, are specified. In this case, 
the resistances x,,, and Xpar can be determined from formulas (17.9). It is 
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frequently convenient during calculations to make use of the quality factor of 
the circuit, Q, which makes it possible to estimate such circuit parameters as 
the efficiency and filtration factor. For specified values of r and R: 


Q=VRir—l. (17.11) 


2. The quality factor Q and one of the resistances are specified. By employing 
the formulas for the Q and expression (17.10), we find: 


_ for known values of Q and r: 


dict rn Kqoea =r, R=r(1+Q%, Suap=RIQ, 


. 
k Se 3 ead 


for known values of Q and R: 


Snap =RIQ, t=RI(L-+Q), Saoon = Or. 


The nature -of the reactances Xsey and *par should be different and determined by 
the specific [-network configuration. In the case of known reactances Xser and 


Xpar : 


L = x,/2nf; C = 109/2nfxc. (17.12) 


A specific feature of a [-network is the fact that its requisite Q is determined 
by the impedances which must be matched. For this reason, if the impedances 
being matched differ substantially in their value, then the Q proves to be 
rather high, which leads to a narrowing of the circuit bandwidth. With values 
of the impedances which are close, the requisite circuit Q proves to be low and 
the filtering capability of the circuit is degraded. Calculations show that for 
a Q of about 3, the attenuation of the second harmonic at the circuit output 
will be about 20 dB. 


: “s 
Znoca Zrocn 2hocn ; | 


| op ° = CT 
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wl Poan2] | Ap] | = A |e ] a] oer 
1 Pens 1] | 2anpt | 70 Znan2 Zancn hoen hon 
¢ v O O O x = x" + 
ser ser 


x" 
ser, 


Figure 17.11. The equivalent circuit of a IIl-network. 


Il and T-Networks. The equivalent circuits of I and T-networks are shown in 
Figures 17.11 and 17.13 respectively. The variants cf these circuits which are 
most frequently used in oscillator and amplifier circuits are shown in Figures 
17.12 and 17.14. 


We shail consider that Il and T-networks consist of two I-networks, which we call 
sections. Consequently, when calculating the parameters of the elements of Il 
and T-networks, one can employ the formulas derived for the T=-network. For this, 


each [-network should be supplemented with a second resistance, which in the 
case of a Jl-network will appear in the IT section as a series TQ» and in the T- 
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network as a parallel (the same for both sections, since it acts at the points 


where they are connected). The resistances Tq and Ro (see Figures 17.11 and 
17.13) should satisfy the conditions: 


tr< Ri, Ry Ro > hy Fe: 


oe: Bo ke toot 
Lap Lp La: 7 i=c'ee” | 


FY gS 
by by = by | ob Lor" Ler’ ~ [12 
ly by = iy. | 1 o> Tz 2'~ C2 
O- 
(cw 


Figure 17.12, N-networks. 






Foocn2 Tap Tha 
” z 9 Oy Sap > HP 
nap Fpap + Snap 








Figure 17,14. T-networks. 


To find the resistance ro (or Ro)» the quality factor Q of one of the lf sections 
is to be specified beforehand, and then, knowing the resistance being matched 
R (or r), the following is calculated from formula (17.10): 


Sah, 
ro = R/(L+Q2) or Ry = r(1 + Q2). to= RI(L + Q) 
wi160 Ry ot r(l -4- Q’). 
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TABLE 17.2. 
on A Il-Network with a Supple- A T-Network 

A:l-Network (Figure 17.11) mental Filter (Figure 17.15b) - (Figure 17.13) 

The values of Rj, Ro, Qy The values of Ry, Ro, Q15 Q% The values of rj, f9, 


and fp are known. and fg are known. Q, and fp are known. 
1. to = Ry/ (149) L. ro = Ry/ (1492) 1. Rg = ry (140%) 
2. Check for the condi- 2. Check for the condition 2. Check for the con- 
7 ; tion > < Ry. T) < Ro- dition Ro > To: 
3. x... , = R,/Q 3. X11 = Qat_, Xn 1 = 3. x = Qir 
ar 1 1/*1° L l*o*» “cl ser 1 1*1? 
Re = Q1t9 Ry! par = Ro/Qy 
4. Qo = VRo/rQ - 1 4. X& 9 = Xe 9 = Qrg 4. Qo = YRo/ro - 1 
5. ser a Qo» *par o> 5. Q = YRo/rq - 1 5. Xpar % Ro/Q » 
2! Xser 2 * Ito 
Xo 2 = R2/Q2 (ar *par 
7. Calculate L and C 7. x, = Xp 4! +x, yn t+ x, 9g 7. Calculate L and C 
2 from formulas (17.12). from formulas 
(17.12). 


8. Calculate L and C from 
formulas (17.12). 





Notes: 1. If to > R (a Il-network) or Ro < Yo (a T-network), then matching is 
impossible. 2. The impedances Xser 2nd X),, should have different signs. 
3. Take the sign of the reactances into account during summing. 


Here R= R, or R= R,, while r = Yr, or r = ro depending on the Q of which section 
is known. The parameters of the f section components are calculated sequentially 
from one section to the other using the procedure given for a [-network. The 
design calculation procedure for Il and T-networks, in the case of known resis- 
tances which are being matched and a known Q; of the first Tf section of the 
network at the working frequency fg, is given in Table 17.2. 


In contrast to a [-network, in which the resistances being matched, r and R, 
should satisfy the condition r < R, in a Il-network, we can have both R, > Ro and 
Ry < R, (similarly, for a T-network, there can be both Yj > ry and ry < ro); 
souething which is important when designing the microwave circuit of an amplifier 
or oscillator. A drawback to the given calculation procedure is the ambiguity 

in the parameters of the circuit elements which depend on the value of Qi, which 
can be chosen with different values in the design calculations. It is expedient 
to take the quantity Q as no more than 2 to 5 [1]. 


A Il-Network with Improved Filtering of Higher Harmonics. To improve the filter- 
ing properties of the microwave network, the circuit of which is shown in Figure 


17.12a, a filter in the form of a series tuned circuit Lo and Co, which resonates 
at the working frequency (Figure 17.15), is additionally inserted in the 
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inductive branch of the circuit. The inductance and capacitance of the resonant 
circuit are related by the relationship Wolo = 1/woCo, where wo = anf. The 
procedure for the design calculations for a I-network configuration with an 
additional filter is given in Table 17.2. 


The f, I and T-networks treated here do not always make it possible to match the 
specified resistances within the requisite frequency passband with an easily 
realized quality factor Q. Then one can use a more complex four-pole network 
consisting of several Il and T sections in the matching network, where this four- 
pole network is also represented in the form of joined © sections in the calcula- 
tions. es 


by lg fo © a 
bl, +ly 
T? T — ae is oe 

7 b oo 2 C3" 


L=lztlg tly, 
ly=ly tly 





Figure 17.15. A M-network with an additional filter Lo» Cg (a) and 
its representation in the form of three sections. 


The efficiency of a microwave circuit, in accordance with formula (17.1) is: 
“t= P,/P= 1—Pyl(Pu+ Pr). 


Here P = Py + Py [P = Pioad + Peonls Poon i8 the power lost in the elements of 
the network and the connecting conductors. 


One of the powers (Pi oad or P) is 
no Ps ry ™ [l, usually known when designing a network. 
To find the power Poon? it is necessary 


a) a) to determine the power losses in each 
element of the network as well as the 
Figure 17.16. On the calculation of the connecting conductors, and then to sum 
efficiency of a T-network. them. When using a hybrid integrated 
circuit, the length of the connecting 
conductors is to be kept to a minimum. For this reason, one can assume that the 
losses in the connecting conductors are neglectably small and disregard them 
when calculating the efficiency. 


We shall initially consider the procedure for determining the efficiency of the 
simplest microwave network: the [ section shown in Figure 17.16a. The power 
losses in such a network are composed of the losses in the inductance coil and 


the capacitor. In many practical circuits, the losses in the capacitor are 
substantially less than the losses in the coil, since the Q of the capacitors 
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used in microwave circuits is an order of magnitude higher than the Q of the 
coils, Q,. Consequently, the losses in a capacitor can be disregarded and then 
the equivalent circuit of a lf section, taking into account only the losses in the 
coil (r,), will assume the form shown in Figure 17.16b, while its efficiency can 
be determined from the approximate formula: 


MW I—ni(n+-n=1—Q’. | (17.13) 


Here Q = x, /(r +r); Q' = = x,/r, is the Q of the f section taking the resis- 
tance r of the joat 4 into seen and without this resistance respectively. 


TABLE 17.3. 





Tun yenu 


Type of Network 


ten uc. (17.10) 


etwork, Fig, 17,10 


MTom, (pie. 17. 12) | ('- at ee | Baya: Qi+Qs 


Pi Network (Fig, 17,12 Qo 


ge | (aia ae 
Il-nens ¢  ONOANHTCADHLIM Q 


™ npr Q%, >Q;, 4 Q, =Q'>1 


1—Q,/Q’ 








uantpom (pic. 17,15) 





[--. a £ Q2-t-Qo 
ame ee 
T-nens (pnc. 17.14). ie a i('- a) 5) ——& t Qa 
’T Network (Fig. 17.14 / Q, Q 





Key: 1. I-network with additional filter (Figure 17.15). 


It follows from formula (17.13) that to obtain a high efficiency, the quality 
factor.Q' should be considerably greater than Q, which becomes difficult to 
accomplish when the load resistance is low and can become even commensurate with 
the loss resistance in the microwave network elements. The actual Q of induc- 
tance coils using film technology amounts to 50 to 100. For this reason, to 
achieve a high efficiency (about 0.9), the Q of a Tf section should be no less 
than 5 to 8. 


AY section is an integral part of Il and T-networks, and for this reason, the 
efficiency of such networks can be found as the product of the efficiencies of 
the individual [ sections comprising these networks. For a network consisting 
of kT sections, ne = nyn9..-n_-. Here, yee Q,/ QR (Q, is the quality factor 
of the k-th T section, taking the load impedance into account; Qk is the quality 
factor of the k-th [T section, due solely to the losses in it). 


The calculation of the efficiency requires knowledge of the true values of the 
quality factors Q, and Qk However, in the majority of practical cases, the 
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values Q, and % are known approximately, since they considerably dependent on the 
specific realization of the entire network circuitry. For this reason, to esti- 
mate the efficiency of a microwave circuit, one can assume that the quality 

factor of aT section is Q ~ Xgey/r, while the quality factor of the coil is 
found from the approximate formulas (see Chapter 20) or is taken from practical 
data. Approximate formulas for determining the efficiency of I and T section 
microwave circuits, assuming that Qi >> Qk» while the quality factors Q, of each 
of the sections are approximately the same, are given in Table 17.3. 


Estimating the Frequency Passband. When designing microwave networks in the 
form of four-pole networks which match resistances, we worked from the condition 
for complete network matching at a specified frequency fg. When the frequency 
deviates from fg, mismatching occurs in the network. Under actual operational 
conditions of a microwave network, some mismatching is permissible. Consequently, 
one can determine the passband of a network, within which mismatching will be 
acceptable. The passband is frequently estimated based on the change in the 
microwave circuit transmission gain [12] which is related to the absolute value 
of the voltage reflection factor, IT, at the input to this circuit*, For this 
reason, to determine the passband, we employ the condition for obtaining a speci- 
fied permissible value I, at the limits of the passband for the case of complete 
circuit matching at the frequency fo. 
(aJ The absolute value of the reflection 
— 0 factor at the input of a linear reactive 
OF | CBY a h, four-pole microwave network, loaded into” 
| 47 | a resistance Ryogq (Figure 17.17) [12], 
‘ is: 


Figure 17.17. On the determination of T=|z—R, |/lz-+- Ril. 
the reflection factor at 
the input to a microwave 


i = 
four-pole network. Here, R; is the resistance at the micro 


wave network input; z is the input 
Key: a. Microwave network. impedance of the four-pole network at 
the frequency f. 


At a frequency of fo, Z = Ry and f = 0. When the frequency changes in the 
vicinity of fp, the impedance Z becomes different from Ry and IF #0. Having 
specified the value of I,,, and finding the frequencies for which [ = T per? we 
define the bandwidth within the limits of which [(£) &l per: 


A possible approach to the determination of the passband from a specified value 
of To, for example, the [-network shown in Figure 17.10b, can be the follow- 
ing. We initially calculate the parameters of the L and C components of the 
[-network for the condition of complete matching at a specified frequency fg 
for which z = Ry. Then, assuming that the parameters of the L, C and r circuit 
components are independent of frequency, we find the impedance Z at the points 
1- 1' at a frequency f which differs slightly from the specified frequency.. 


oOo 
Where there are no losses in a microwave network, the absolute value of the 
reflection factor at its input and output is the same. 
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Having accomplished the necessary transformations, we derive a formula for the 

absolute value of the reflection factor, expressed in terms of the resistances 

R' and Xpar of a parallel circuit equivalent to a series circuit of r and x,,,: 
pre( EBL) (RRP soup)? (R—ROE 

2+ Ril (RRP + ( Xpap)? (RUE RD? 


Here: Xar = Xpar*par/ (“par + Xpar) Pte eae) 


The frequencies in the vicinity of fg for which T =T), determine the boundaries 
of the passband. The calculation of the frequency passband is substantially 
facilitated when a computer is used. 


A Procedure and Examples of the Design Calculations for the Microwave Circuit of 
a Transistor Amplifier/Oscillator. We shall consider an approximate design 
procedure for the input and output microwave circuits of transistor amplifiers/ 
oscillators which are frequently encountered. Some practical circuits for 
these networks are shown in Figures 17.4 and 17.6. The procedure for the 
determination of the component parameters of microwave networks can be as 
follows: 


1. We compose the total equivalent circuit for the microwave network being 
designed, taking into account the requisite impedance with respect to the funda- 
mental at the input (or output) of the transistor, the impedance at the ampli- 
fier/oscillator input (or the load impedance at the output of the amplifier/ 
oscillator). Assuming that the blocking elements (Ly 1, Cp 1) have no substantial 
impact on the operation of the microwave circuitry, we do not include them in 
the circuits. However, if these elements perform definite funccions in the 
microwave network circuitry, then they must be taken into account. 


2. We represent the total equivalent circuit in the form of series connected 
T sections (as was done in the calculation of Il and T-networks, etc.), in which 
- the series and parallel reactances should be of a different nature (if an 
- inductance is inserted in series, then a capacitance is to be inserted in paral- 
lel). 


3. We calculate the parameters of the components of the I sections using the 
procedure given. 


4, We determine the parameters of the equivalent circuit components, and in the 
case where the inductances and capacitances which are obtained can be realized 
conveniently, we conclude the calculations. However, if the requisite nominal 
values of the reactive elements make it difficult to execute the microwave net- 
work in the form of a desirable type of structure, for example, in the form of 

a hybrid IC, then the calculation of the component parameters of the network is 
to be repeated, specifying other values for the Q of the T sections or by slightly 
changing the circuit of the network, for example, by adding one or two I sections 
to it. It is recommended that during the course of the electrical design cal- 
culations, an approximate structural design of the circuit elements be carried 
out so as to get an idea of their overall dimensions and degree of complexity. 
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5. We determine the parameters of the electrical circuit components more pre- 
cisely for the network being designed. 


6. We determine the passband of the microwave network based on the specified 
permissible value of the absolute value of the reflection factor at the network 
input. 


7. We structurally design the circuit components (inductance coils, capacitors) 
or choose them from catalogs of ready-made products; we determine the Q of these 
elements. 


8. We calculate the efficiency of the circuit being designed. 


During design calculations of microwave network configurations, it must be kept 
in mind that each of their structural components (inductance coils, capacitors, 
connecting wires) is a complex electromagnetic circuit in the general case. For 
this reason, when designing a circuit around hybrid IC's, one is to take into 
account the impedance of each element. However, this is possible only after 

the preliminary breadboarding of the circuit. 


Microwave network design is facilitated when computers are used. 


I (b) 





6) (c) 2 


Figure 17.18. The equivalent circuit for the input microwave network 
of an amplifier/oscillator (Figure 17.4c) and its 
representation in the form of two [I sections. 


Zou GY 
Z . 
out 1 





Figure 17.19. The equivalent circuit of the output microwave network 
of an amplifier/oscillator (Figure 17.6b) and its 
representation in the form of two f sections and an 
additional filter. 


We shall give the procedure for the electrical design of some microwave network 
circuit configurations for transistor amplifiers/oscillators as an example. 


Example 1. We shall consider the circuit of the input microwave network for 
the amplifier/oscillator depicted in Figure 17.4c. Taking into account the 
connection of a transmission line having a characteristic impedance of p to the 
input of this circuit and the replacement of the input circuit of the transistor 
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with its equivalent impedance Zi, 1 = Typ 1 + jwLy, and the subsequent combining 

of the inductances Lj and L;, into a single inductance L to obtain a pure 

7 resistance, connected to the network on the transistor side, we obtain an equiva~ 
lent circuit in the form of a T-network (Figure 17.18b). We then represent this 
circuit as a connection of two [T sections (Figure 17.18c). Assuming the resis- 
tances rj =p and ry = ry, 1 and the working frequency fg to be known, we calcu- 
late the parameters of the circuit elements (see Table 17.2). After determining 
the capacitances C, and Cy, we find the inductance of the circuit being designed 
L, = L - Lip: 


We estimate the efficiency of the network from the formula given in Table 17.3. 
We then determine the passband of the circuit. 


Example 2. The circuit of the output microwave network of the transistor ampli- 
fier/oscillator shown in Figure 17.6b. We represent the impedance of the trans- 
’ istor output network at the fundamental frequency, Leet = Z¥ oad j» in the form 
of the impedance of a parallel network consisting of a resistance R,,; 1 and a 
capacitance C,,,,, while we take the load impedance equal to the characteristic 
impedance of the transmission line p which is connected to the output of the 
amplifier/oscillator. Taking this into account, we draw the equivalent circuit 
in the form of a I-network with an additional filter and then we represent it 
as the connection of two [ sections, between which the additional filter is 
inserted (see Figure 17.19). Assuming that Ry = Roy-e 1 amd Ry =P, Coup, and 
the working frequency fg are specified, we determine the component parameters of 
the circuit depicted in Figure 17.19 using the procedure given in Table 17.2. 
The Q of one of the f sections and the filter is to be specified beforehand. 
Then, we find the capacitance of the capacitor C, = C - Coy-. We calculate the 
network efficiency from the appropriate formula in Table 17.3. Then we determine 
the passband of the network. 


17.5. The Design of A Microwave Matching and Transforming Network Using Elements 
with Distributed Parameters 


Components with distributed parameters, which take the form of asymmetrical 
transmission stripline sections, and which are often called stripline elements, 
are widely used in the microwave networks of integrated circuit transistor 
amplifiers and oscillators. These elements make it possible to transform imped- 
ances, attain a specified level of matching in the microwave network, create the 
requisite reactances, assure the filtering of higher harmonics, realize a radio- 
frequency blocking choke in the power supply circuit for the amplifier/oscillator, 
etc. 


Stripline elements are usually made in the form of regular unbalanced transmis- 
sion lines of various lengths. Quarter-wave resistance transformers are widely 
used, It is expedient in a number of practical cases to employ sections of an 
irregular transmission line, the characteristic impedance of which changes along 
its length, for example, either linearly or exponentially. This makes it possi- 
ble to provide for impedance transformation with a shorter geometric line length 
and to obtain a broader passband for the network than with a regular line section. 
A stepped network of two and more quarter-wave regular line sections with differ- 
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ent characteristic impedances can also serve as an example of an irregular 
transmission line. 


Zin | To match a transmission line, line sec- 
re | tions are connected to it which are 
ZA, (Yes) ’ 24(Gu) short-circuited or open-circuited at the 
(ox Yan) 25 oad end, which make it possible to create 
| ; (or y } different resistances to the radio- 
€ 7 0 49¢aq° = frequency current at a certain point in 


the line. Such elements have been given 
Figure 17.20. The equivalent circuit of the name of lonps. Loops with a length 
a regular transmission of 1 < \/4 (A is the wavelength in the 
line with a length l. line) are the most frequently used. 
Loops longer than A/4 are rarely used 
because of their considerable geometric length and narrow bandwidth. Loops with 
a length of 1 < A/4 are used to produce reactances. Quarter-wave loops, open- 
circuited at the end, serve to produce a low RF resistance, for example, to im- 
prove the filtering of undesirable harmonics, while short-circuited loops are 
used to create a high RF resistance, for example, to realize a blocking choke in 
an amplifier or oscillator circuit. The most widespread matching network is a 
single loop transformer, which takes the form of a transmission line section with 
a loop connected to it. 


TABLE 17 4. 





eer 
é 0 In | toi Sux | (AL AxthpHe 1 peakTHOHRe coctapnaoune 


Fn ee 


rox (pay ty al)? -1-(rn te al)? 


Zpx=Far|-J Xnx 62 xy (1 —te? xl) 4-p (p21, — x3) teal 
rr ES 
Xex = (o—xu tg xl)? -|- (ra te xl)? 
Zy1 ==S 5 -- j Xn ae ete ee a ee ete, ee 









Box Fat (en-Lp te xl), 
a(t te nd)--o7! rk = sf) tga 
7 Eb (en-p te al)? 


ox Box—j bax 
box 





Gn ll tetas) 
Box “(1p bu tg w)?-+-(0 gu te xl)? 
by (I —te? xl) 1-0 (p72? — Ba On) teal 


box = (t—p by tg «l)?-|-(p gute xl)? 


yum ant jon Yox= Gar j box 


Notes: 1. If Z2y = ry - 3xq [21040 = Tload ~ §X1oaq), the sign in front of xq in 

the formulas for r,., g;,, X,. and bs, must be changed. 2. If Y, = gy - jby, then 
in in n in H H H 

the sign in front of by in the formulas for g;, and b,,, must be changed. 


Key: A. Resistive and reactive components. 
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The design procedure for stripline elements is based on the relationships which 
follow from the theory of long lines. When drawing up the equivalent circuit of 
a microwave network for an amplifier/oscillator, the line section of length 1 is 
replaced by an impedance equal to its input impedance. 


The input impedance Z;, and the input admittance Yj, of a lossless* line at a 
distance “from its end, loaded into a complex impedance Zy [Z1oaq] (Figure 17.20) 
are defined by thé relationships: 


 tox=plent+jptexl)/(p+jrmtgal; 
Yex= (p+]j Zn tg el)/p (zn-+) p fg xl). (17.14) 
(17.15) 


Here, p is the characteristic impedance of the line; k = 21/). 


Taking the load impedance to be 2, = ry + jxy, we represent ZBx [Zin] and Ypy 
{[Y;,] in the form of two components also: 


Zox =lax+J Xnx: ox =gnx—I bax: 
The formulas for the determination of the components of the input impedance or 
admittance of a line loaded into Zj9aq OF Yjgqq» derived from expressions (17.14) 


and (17.15), are given in Table 17.4. 


The input impedance of a regular line section with a length of 1/4, loaded into 
a resistance rj 5,q, is purely resistive: Zjyn = Tin = 0? /r1 oad: 


In the case where a line section with a length of 1 < \/4 is short-circuited 
(s.c.) or open-circuited (o.c.) at one end, its input impedance and input admit- 


- tance are defined by the relationships: 


Zin s.c.> Jp tan kl, Yin gc. -jo-tcot kl Zexwe=jpterl, Yoruo=—jp! ctg xl; (17.16) 


=e Me veel 
Zin aseee -jp cot kl, Yes jee jp7ttan kl Zaxxxe=—jpctgal, Yaxrxax=ip lead. (17.17) 


By changing the length 1 of the line sections, one can change the nature of the 
reactance in the input impedance. The quantity Zj, also depends on the charac- 
teristic impedance of the line p. When 1 = A/4, Zin g.c.7% © and Zin o,¢.7% 0 with 
a decrease in the losses in the line. 


Estimating the Bandwidth. As has already been noted in § 17.4, an estimate of 

the bandwidth of a microwave network can be made based on the permissible voltage 
reflection factor, They, at the input of the microwave network or based on the 
voltage standing wave ratio (SWR) which is related to it. Let's say that a micro- 
wave network is formed by a line section having an input impedance of Zjn = Yin 

+ jx,, and is loaded into an impedance Zyo,q- A transmission line with a 


*The assumption of low losses is justified for a large number of practical pro- 
blems without a substantial error, since the length of the line sections used 
is 1 < A/4. 
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characteristic impedance p is connected to the input to this circuit. The 
absolute value of the reflection factor at the input of such a microwave network 
is: 


2nx—P \- V (rax—P)? 4-23, 
Zox+P 


V Coxe) rae, 





By specifying the permissible value of I,,, (or the SWR) at the circuit input, 
one can determine the passband within which T (or the SWR) will not exceed a 
specified value. 


By way of example, we shall give a procedure for determining the passband of a 
quarter-wave transformer, which matches two resistances Ry and Ro. We shall 
also assume that the frequency £9 and the permissible reflection factor Ter 
are specified. At the frequency fp, the transformer length is l= Ag/4 and the 
characteristic impedance of the line is p = VRRo- The reflection factor at 
the transformer input (at the point of connection of the resistance Rj) is: 


P= (2px—--R1)/(Znx-1- 83)- (17 18) 


Since at the frequency fp, the impedance is Z;, = Ry, then I = 0. When the 
frequency deviates from fo» the impedance 2;, becomes different from Ry. ‘We 
shall determine the impedance Z;, using formula (17.14), and by employing expres~ 
sion (17.18), we shall find the reflection factor [, and then we derive the 
formula to calculate its absolute value: 


ral/ Ce 
- (r-|- 1)3-+-4r tg? 0,55f/fo © 


Here, r = Ro/R ; the argument of the tangent is converted to the form (21/)) 

(Ag/4) = 0.51 £/£9. 

= By equating Tf =T.., we find the values for the relative frequencies £1/f9 and 
fo/f9 at the Limits of the passband: 


fie 2 es 
fi  * we) 2\/ 4V hon ~ 4r | 


Thus, within the passband (f5 - £1)/fo r < ler: 


The Single Loop Transformer. Two circuits of a single loop transformer are shown 
in Figure 17.21, which differ in the type of loop (short-circuited or open-cir- 
cuited) and the point of its connection to the line. One can obtain an input 
impedance of a transformer loaded into an impedance Z 9, close or equal to the 
requisite impedance Z, in the general case by changing the length of the line 1, 
the length of the loop 1,, and the characteristic impedances of the line p and 
the loop p,g,- The solution of such a problem is not unique. For this reason, 
one can search out a certain optimal circuit variant when solving the problem. 

In this case, the optimization can be carried out using different parameters, 
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which are the most important ones in each specific problem, for example, a 
minimal overall line length, or requisite passband. In those cases, where the 
optimization is not obligatory, the requisite input impedance can be obtained 
through the choice of 1 and 1,,. The characteristic impedances p and Poh are 
chosen based on structural design considerations or by working from the 
convenience of connecting them to other microwave networks. In some cases, it is 
more convenient to specify the line length 1 and to determine the requisite 

_ characteristic impedance of the line p and the loop parameters. However, it 
can turn out that the value obtained for p is difficult to realize structurally. 


4p 4, 
uy bw 
Z2 , Z2 
. a: . 


Figure 17.21. The circuit of a matching microwave network in the 


form of a stripline with a loop for the load impedance 
(a) and at the network input (b). 


t-4p od p 
~ io ‘a, . 
rs “B ae 
&) (bd) ~ a (ec) 
is 
cor w= Loop 





Figure 17.22. Circuit configurations for a microwave network in 
the form of a stripline with a single loop, which 
match a complex impedance to a resistance. 


In practical circuits of transistor oscillators/amplifiers, frequently one of 
the impedances being matched is purely resistive and equal to the characteristic 
impedance of the transmission line connected at the input or output of the 

‘ oscillator/amplifier. Circuit variants of a single loop transformer which make 
it possible to match a complex impedance to a resistance are shown in Figure 
17.22. In this case, the loop (short-circuited or open) serves to compensate 
for the reactive component or the load impedance Zo (Figure 17.22a and b), or 
the input impedance (Figure 17.22c - e) of the transformer. In the realization 
of the configurations of Figures 17.22 a and b, structural difficulties are 
frequently encountered which are related to the necessity of placing the loop 
directly at the input (or output) of the transistor or the realization of a 

< quarter-wave line with the requisite characteristic impedance. In such cases, 
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the circuits of Figures 17.22c - e are more convenient, where the characteristic 
impedance of the line can be selected based on structural design considerations 
or chosen equal to the characteristic impedance p of the transmission line 
connected to the input (Figure 17.22e). 


A Design Procedure for the Circuits Shown in Figures 17.22a and b. The loop in 
these circuits serves to compensate for the reactive component x of the imped- 
ance Zy>. The resistive component r, of this impedance is transformed to the 
requisite resistance Ry by the line section of 1 = 4/4. We choose the type of 
loop by working from the requisite nature of the compensating reactance, assuming 
that the loop length should be less than 1/4. We specify the characteristic 
impedance p,}, of the line section forming the loop based on structural consider- 
ations (from 50 to 100 ohms). 


We then proceed as follows for the subsequent design calculations: 


1. We transform the impedance Zy = rg + JX» to a parallel circuit consisting of 
the resistive Ry and reactive xy components, which are found from formulas (17.7) 
and (17.8). 


2. We find the length of the compensating loop lon from the condition that the 
input impedance of the loop Z., should be equal to the reactance xg and be of 
the opposite kind of reactance (in the formulas, one must take into account the 
sign of the reactance x,). It is expedient in this case that l,, < \/4. By 
using expressions (17.18) and (17.17), we determine 1l,,. 


3. We calculate the characteristic impedance of the transforming \/4 line: 
op = YR{Ro- 


The Design Calculation Procedure for the Circuits Shown in Figure 17.22c - e. 

In the circuits considered here, matching can be achieved if the input admittance 
of the line 1, loaded into the impedance Zj, has a conductance component equal 

to 1/R,, while its susceptance component is compensated by the input admittance 
of the loop. We choose the characteristic impedances of the line p and the loop 
Osh in this case solely from structural design considerations. We assume that 
the load impedance is 2) = ro + jx». 


We proceed as follows with the calculations: 

1. We find the length of the line section 1 from the condition that the conduc- 
tance component of the input admittance of the line g;, is equal to the quantity 
1/R,. Designating 1/Ry = G, and equating it to gip, we obtain g;, = Gj. By 
using the formula from Table 17.4 for g4,, we solve this equation for tan(kl): 


G. ri-+-G, re x2 +G; 92 ry— r2—G? p2r? 
{81,2 (kL) = Ty y= 0 VO 


We then determine the possible length of the line sections: 


ly = (arctg7,-+-mm), ly = ~ (arctg 72 - ms), m=0, | ev eee 
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We choose the shortest most structurally feasible section. 


2. We calculate the reactive component of its input admittance b;, for the 
length 1 which is found (see Table 17.4). 


3. We select the type of loop which compensates for the component b;,. By 
employing the condition y,, = —jb; (the sign of the susceptance bj, is to be 
taken into account in the formulas) , we determine the loop length from formulas 
(17.16) and (17.17). 


In the circuit depicted in Figure 17.22e, the characteristic impedance of the 
line and the resistance R, at the circuit input are the same and equal top. 

For this case, the calculation is carried out in a manner similar to that just 
considered taking into account the fact that Rj = 9. The line section length 

1" can be arbitrary and can be chosen from the considerations of the convenience 
of connection to the feed power transmission line. After determining the para- 
meters of the microwave network components, it is expedient to estimate the 
passband of this network. The estimation of the passband of the circuits shown 
in Figures 17.22a - e is a rather cumbersome and labor intensive process, and 
for this reason it is better performed on computers. 


“ip bp 





Figure 17.23. The equivalent circuit of Figure 17.24. The equivalent circuit 
the microwave input net- of the output microwave 
work for a transistor network of a transistor 
oscillator or amplifier : oscillator or amplifier 
(Figure 17.5a). (Figure 17.7b). 


The Procedure and Examples of Design Calculations for the Microwave Networks of 
Transistor Oscillators/Amplifiers Using Stripline Elements. We shall treat a 
possible design procedure for some practical circuit configurations of microwave 
networks for transistor amplifiers/oscillators using a single loop transformer. 
We shall assume that the working frequency, the input and output circuit imped- 
ances of the transistor at the working frequency, the impedance at the input 

to the amplifier/oscillator and the load impedance are known. It is also assumed 
that the microwave network configuration has been selected. 


1. We draw up the complete equivalent circuit of the microwave network, without 
taking into account the blocking elements in the amplifier/oscillator power 
supply circuitry, assuming that they have no marked influence on circuit 
operation. However, if the blocking elements perform definite functions in the 
circuit, then they are incorporated in the equivalent circuit. 


2. We select the type of loop, as well as the characteristic impedances of the 
stripline and loop. One can also choose the type of loop after determining the 


lengths of short-circuited and open circuit loops which provide for matching” 
in the microwave network, taking the loop of the least length. 


~ 326 = 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


3. We determine the length of the stripline and the length of the compensating 
loop from the condition for complete matching in the microwave network at the 
working frequency. 


4. We calculate the bandwidth of the microwave network from the specified permis- 
sible SWR or reflection factor I. 


5. We carry out the structural design calculations for the stripline elements 
(see Chapter 20 of this book). 


We shall give as an example the procedure for design calculations for the micro- 
wave amplifier/oscillator networks shown in Figures 17.5a and 17.7a. 


Example 1. The circuit configuration of the input microwave network for a trans- 
istor amplifier/oscillator is shown in Figure 17.5a. Assuming that the impedance 
of the transistor input network at the working frequency is Z;, 1 = fyn 1 + 
jul; the impedance at the output of the amplifier/oscillator is equal to the 
characteristic impedance p of the transmission line which is connected to its 
input, we draw up the equivalent circuit of the microwave network (see Figure. 
17.23). We take the characteristic impedance of the stripline equal to p for 
convenience in connecting to the transmission line at the input. We carry out 
the design calculations for the circuit components using the procedure given 

for the circuit of a single loop transformer, depicted in Figure 17.22e. The 
loop length (Figure 17.5a), which is a radiofrequency choke, is chosen equal to 
4/4. It is expedient to choose the characteristic impedance of this loop at 

a high value (up to 100 ohms). 


Example 2. The output microwave network of a transistor amplifier/oscillator is 
shown in Figure 17.7a. The equivalent circuit of this network, taking into 
account the impedance of the transistor output network at the working frequency, 
which is represented in the form of a parallel resistance R,,; 1 and capacitance 
Cout and load impedance, equal to the characteristic impedance p of the trans- 
mission line which is connected to the amplifier/oscillator output, is shown 

in Figure 17.24. The design procedure for this circuit is similar to that which 
was used when designing the circuit of a single loop transformer which is shown 
in Figure 17.22e. The short-circuited loop 1,, , (Figure 17.7a) performs the 
function of a radiofrequency choke and has a fength of 4/4. 
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18. FREQUENCY MULTIPLIERS USING NONLINEAR CAPACITANCE DIODES 
18.1. General Information 


In microwave band active phased antenna array modules, because of the fact that 
the working frequencies of the transistor power amplifiers do not exceed a few 
gigahertz at the present time, it is necessary to use frequency multipliers 

as the output stages [1]. 


Despite the fact that frequency multiplication can be accomplished using any 

nonlinear elements, diodes with.a nonlinear p-n junction capacitance are used 

as the nonlinear elements in the microwave band: varactors and charge storage 

diodes (DNZ) [CSD's] [2]. These frequency multipliers are distinguished by a 

rather high power conversion efficiency, good reliability, small size and weight, 
7 the capability of operating at frequencies right up to submillimeter wavelengths 

and a low power consumption. 


Any frequency conversion (including multiplication) is accompanied by the appear- 
ance of parasitic harmonic components in the output signal spectrum in addition 
to the working frequency. For this reason, a filter must be installed at the 
output of a frequency multiplier, where this filter segregates out the working 
frequency and suppresses the parasitic harmonics. A filter which passes the 
input frequency and prevents the output frequencies from getting through to the 
input should also be installed at the multiplier input of diode multipliers. 
Optimum power transmission from the signal source to the multiplier input and 
from its output to the load is assured by the appropriate matching of the diode 
impedance to the power source at the input and the load at the output respect- 
ively. Thus, each multiplier with a nonlinear capacitance diode should contain 
filter and matching networks at the input and output. 


(1) (2) (3) (4) A distinction is drawn between parallel 
oF and series type frequency multipliers 
according to the type of circuit 
Tasue oO : haroe configuration of the diode with the 

pur 200g Output %r input and output circuits [3]. A block 
ft aL diagram of a parallel multiplier circuit 
is shown in Figure 18.1, where SU [1], 
o, [2], SU, [4] and %, [3] are the 
matching and filtering circuits at the 
input and output respectively. In 
multipliers designed in this circuit 
Key: 1. Input matching network; configuration, the heat sinking of the 






Figure 18.1. Block diagram of a paral- 
lel type frequency multi- 
plier. 


2. Input filter network; diode is facilitated, since one of the 
3. Output filter network; diode electrodes can be connected to 
4. Output matching network. the package. This makes it preferable 


to use parallel frequency multipliers 
in the high power output stages of transmitters and active phased array modules. 
Because of this, only parallel frequency multipliers are treated in the following. 
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A specific feature of parallel multipliers is frequency conversion by virtue of 
the nonlinearity of the volt-coulomb characteristic of the p-n junction capaci- 
tance. For this reason, the filter networks of the multipliers should provide 
for passing only two current harmonics through the diode aud segregate the 
requisite harmonic from the spectrum. 


The following are usually known when designing frequency multipliers: the 
requisite output power level, Pats the output frequency foyt = nfy, (n is the 

= multiplication factor; fy, is the input frequency), the level of suppression of 
adjacent harmonic components, the working bandwidth Af and the overall dimensions 
of the structure. , 


The choice of a nonlinear capacitance diode and its operating conditions are made 
based on these data and the multiplication factor for one or more multiplier 
stages is determined as well as the type of matching and filter networks; the 
efficiencies of the input (nj,) and the output (Nout) multiplier networks are 
found approximately or specified. 


Then the power design calculations are performed for the diode operating mode 
based on the specified power at the output frequency Pq, = Pout /Nout» as a result 
of which, the following are determined: the diode conversion gain ng = Pan/Pa 1 
(where Py , is the input power to the diode), the input power to the multiplier 
Pin = Pq ia the multiplier conversion gain ny = Pout/Pin = Nin dout> the 
diode impedance at the input (Zj4y) and output (Zour) Frequencies. Then the match- 
ing and filter networks of the multiplier are designed. The multiplier design 
work is completed with working out of the structure with the requisite overall 
dimensions. 


18.2. The Selection of the Multiplication Factor for the Frequency Multiplier of 
an Active Phased Antenna Array Module 


The multiplication factor of a frequency multiplier intended for use in active 
phased array modules [1] is governed by the requisite values of the output power 
Pout and output frequency f5,, of the multiplier, as well as the working fre- 
quency f,, and power Py of the existing amplifiers preceding the frequency multi- 
plier. 


In this case, the multiplication factor is: 

n= fout/ fw = f out /fin n= foal ly == fous! fox: (18.1) 
Since the operating frequency range of transistor amplifiers is limited (at the 
present time, to frequencies in the decimeter band), then there is also a limit- 
ation on the minimal value of the multiplication factor in a module for a fixed 
frequency fy,,- This minimum value of n can be estimated based on the following 


considerations. The power distribution of transistor amplifiers over a frequency 
band can always be expressed in the form of some function: 


Py = OC Py = 0 (hy). (18.2) 
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Assuming that the conversion factor of the frequency multiplier is inversely 
proportional to the multiplication factor, taking (18.1) and (18.2) into 
account, we derive an expression which makes it possible to estimate the multi- 
plication factor and make a preliminary choice of the final amplifier stage: 


To faux )> Peo (18.3) 


n 


where m is the number of amplifier stages operating off of one multiplier input. 
It is obviously expedient to choose m < 2 for the module of an active phased 
array because of considerations of structural simplicity and small size. 


It can be roughly assumed that the efficiency of an active phased antenna array 
module with frequency multiplication of nq is determined by the electronic 
efficiency of the output stage of the transistor amplifier n,, and the conversion 
oe of the multiplier njyi- Since we have assumed that nyyi * 1/n, then np * 
Ny/n. 


If n < 3, then in making the transition from n = 2 to n = 3, a slight increase 
in n, is possible which is related to the increase in the electron efficiency 
of the amplifier, ny, because of the reduction in its working frequency. When 
n> 3, the efficiency of the module falls off with an increase in the multipli- 
cation factor. 


The overall multiplication factor n, chosen from condition (18.3) when n > 4, 
can be realized in one multiplier or in several series connected multipliers, 
since n = Nyy Ng «er, Ny, where nj, Ng, ---, Ny are the multiplication factors 
of the individual multipliers. 


It is of course preferable to use a single multiplier to reduce the size. How- 
ever, it is expedient in a number of cases to use several multipliers. This is 
due to the fact that the utilization of individual multipliers with a low multi- 
plication factor (n < 3) makes it possible to obtain greater values of the output 
powers, as well as to substantially expand the working bandwidths of the multi- 
pliers, something which is quite important when modules operate with wideband 
signals. 


In fact, the ultimate passband which can be achieved in single diode frequency 
multipliers is governed by the values of the adjacent harmonics in the output 
signal spectrum of the multiplier and amounts to: 

Afuit = fin/ (n + 0.5). Afupen:= fax/(a4-0,5). (18.4) 
It should be noted that in multipliers with small values of n, passbands can be 
realized which are greater than those determined by formula (18.4) if a combina- 
tion configuration of two diodes is used in them. Thus, for balanced multipliers 
and multipliers with opposing-parallel or opposing-series diodes: 


Afuait os 2£5,/ (1 + n). 
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Moreover, multipliers with diodes connected in combination make it possible to 
approximately double the output power. 


Drawbacks to these multipliers are a slight increase in circuit complexity (espe~ 
cially for the balanced multiplier), multiplication only by an odd factor (multi- 
pliers with diodes connected in opposition) or by an even factor (the balanced 
circuit), as well increased requirements placed on the identical nature of the 
parameters of the diodes which are used. 


Since the working frequency range of a multiplier should be less than the ulti-.. 
mate, with an increase in the multiplication factor, its working band decreases. 
This leads to an increase in the requirements placed on the frequency filters 
(especially on the output filter), and as a consequence, to increased complexity 
of their structural design. 


It is also necessary to take into account the fact that with an increase in the 
multiplication factor, the influence of the phase errors of the preceding stages 
on parameters which characterize the directional properties of an active phased 
array also increases [1] as well as the influence of the instability of the 
source of the bias applied to the nonlinear capacitance diode to establish its 
initial operating point on the phase of the output signals and their power [4]. 


The change in the phase of a multiplier output when the bias voltage deviates 
from the working voltage in frequency multipliers using varactors in a blocked 
p-n junction is: 


ty. (date) Ave 
Ao == avs (FT) (18.5) 





where v is a coefficient which characterizes the degree of nonlinearity of the 
blocked p-n junction capacitance and depends on the type of p-n junction (for 
a sharp junction, v = 1/2; for a smooth junction, v = 1/3)3 nq is determined for 
the working bias voltage Up; AUp is the deviation of the bias from the operating 
value; Qq is the diode quality factor at the operating bias voltage. The 
quality factor can be calculated from the data sheet for a diode [6]: 
£ 2 . 
- ult v __ Iapen (_Uo\v - (18. 
Qa = FA Wo/Uy) Qy= al (18.6) 





where the frequency f,;, is the parameter of the diode measured when determining 
the bias voltage U, and which designates the input frequency for which Qq = l, 


in frequency multipliers using charge storage diodes: 
Ab == 22a (Fats) etn emo ese) AU. 
x \I-bny 8 Us 
where © is the charge cut-off angle, which characterizes that portion of the 


oscillation period during which the p-n junction is blocked, and which determines 
to a considerable extent the conversion gain and output power {7]. 


(18.7) 
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Expressions (18.5) and (18.7) can not only be suitable for the analysis of the 
stability of. the phase characteristics of frequency multipliers, but also for 
the estimation of the possibility of employing frequency multipliers as phase 
equalizers to reduce the systematic phase error in active phased array modules, 
or as phase shifters. 


The change in the output power which is due to the mistuning of the multiplier 
microwave circuits can be found from the approximate expression: 


° 





Pog Ang) 
i ee 
Parax (4-116 A) fone +—nw (14+0,2540> | (18.8) 
where Poot is the output power in the case of untuned microwave circuits (Ad = 


0). 


It follows from (18.8) that with an increase in Ad, the output power falls off 
more quickly, the smaller ng is. 


If a frequency multiplier is used as a phase shifter, then the maximum deviation 
of the output signal phase is |A¢| =.180°. In this case, as follows from (18.8), 
to reduce the range of variation in the output power when controlling the phase, 
it is necessary that the multiplication factor be as great as possible. However, 
with an increase in n the conversion gain falls off and the phase instability 
rises. For this reason, it is recommended that n be taken as n = 3...5 in 

phase shifter multipliers. 


18.3. The Selection of Nonlinear Capacitance Diode and Its Operating Mode 


Nonlinear capacitance diodes can operate in two basic modes: ina cutoff p-n 
junction mode and in a partially turned-on mode. 


In the cutoff p-n junction mode, multiplication is possible at frequencies of 
fin < ful . Since fut reaches 400 GHz and more in modern varactors, it is 
possible in this mode to multiply any frequencies, right down to submillimeter 
wavelengths. 


In the partially turned-on mode, multiplication is possible only in a limited 
range of frequencies [6]: 


fiower * fin < fupper* 


The lower limit of the frequency range is governed by the minority carrier 
recombination time: fy yor * 1/t.; the upper limit is governed by the recovery 
time of the cut off p-n junction: f,, per = 1/trec- When f,, < Eup er? a turned- 
on p-n junction introduces considerable losses and substantially reduces the 
conversion gain. When fj, > fup , the nonlinear properties of the diode are 
manifest only weakly, something bhich also leads to a substantial reduction of 
the conversion gain. For diodes being produced by our industry, fupper does 

not exceed GHz. For this reason, in multipliers with an output frequency below 
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10 GHz, a diode can operate in both modes, while multipliers where f,,, > 10 
GHz, it can operate only in a cutoff p-n junction mode. 


In a block p-n junction mode, the instantaneous voltage, u, across it in the 
absence of a breakdown and with cutoff should satisfy the condition: 


O<u<U (18.9) 


per 0 S u <S Dron: 


However, in a partial cutoff mode, the voltage u should satisfy only the condi- 
tion for the absence of junction breakdown: 


us Uper “<s Ur; (18.10) 


It follows from (18.9) and (18.10) that in a cutoff p-n junction mode, in con- 
trast to the partially turned-on state, limitations are placed on the maximum 
amplitude of the oscillations. This is also due to the greater working powers 

of frequency multipliers using nonlinear capacitance diodes which operate in 

a partial cutoff mode [7]. An advantage of partial cutoff is also the higher 
multiplier conversion gain given the same multiplication factor and diode Q. 

In this case, when operating in a junction cutoff mode, the conversion gain falls 
off so sharply with an increase in the multiplication factor n, that n > 3 is 

not used in practice. 


It follows from what has been presented here that in multipliers with an output 
frequency of foyt < 10 GHz, it is most expedient to employ varactors in a partial 
junction cutoff mode, and especially, charge storage diodes, the nonlinear pro- 
perties of which are manifest to the greatest extent in this mode. 


The power parameters of diodes are the following: the normalized power Poorn 
and the permissible diode power dissipation P,o;. The power P,.,, characterizes 
the maximum output power without breakdown OE Phorm = Uner/Rs» where: 


Rg = 1/2n£,.3,C(U,) Rs = 1/2if pen C (Un) (18.11) 
is the diode loss resistance. 
The power P,,, characterizes the maximum output power without thermal breakdown 
of the junction, since 


Rap & Pperntg/ (1 - ng)- Pan Pyon Mal (1 — My): (18.12) 
It is well known [6, 7] that with an increase in the diode Q, the conversion gain 
increases, tending to unity, while the output power of the multiplier fails off, 
tending to zero. For this reason, when selecting a diode, one must be governed 
by the conditions for assuring the specified power with a relatively high 
conversion gain. 


For a parallel varactor type multiplier operating in a cutoff p-n junction mode, 
a preliminary selection can be made by means of the expression: 


Pap/Paorm < 1/40 
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where a is a certain coefficient which depends on the type of the p-n junction 
and the multiplication factor. A number of values of a are given in Table 18.1. 


TABLE 18.1 
: : : 3 
Vomax 8 . 
n q (1) Unon - a V 
pe ee fe 
2 0,65 0,44 16,25.10-3 231 + 1/2 
9 0,732 0,466 . 9,15-10-3 927 1/3 
3 0,82 0,476 4. 0,7-10-8 1,2-108 1/3 








Key: 1. Up nax!Uper* 


The parameters of the selected varactor should satisfy the expressions: 





- Qnin . furt/fin = Qmax Onin <Fapen! fox < Qinax» ; (18.13) 
where: ‘ aut 
One V 1—20Ppn + Vi-4 Onn/Puopn __ 1, (18.14) 
6 4 [oPyn/ Pyopml? 
Qnin= 2V ymin /B (1 ——Na min)s (18.15) 


8 is a certain coefficient, the value of which is given in Table 18.1; ng min 18 
the minimum value of the diode conversion gain. 


A charge storage diode is initially selected with respect to frequency in 
= accordance with the condition fy oye; < finf < f upper? and then with respect 
to power [6]: 


Prop! Pay > 8 (1 —cos 8)/y2 (8). (18.16) 
Here: 


foie sin(n—1)@ __ sin(n+1)0 
1n(8)= 2 [MEE | 


is a coefficient which takes into account the nonlinear properties of the charge 
storage diode capacitance [8, 10]. At optimal cutoff angles of 6 = kn/n, it 
takes on the maximum values: 


kx. (n~—1) 
2 sin oa (18 17) 
= ———___—_—_., k= 1, 2,...,n— . 
¥n (8) x (ntl) e e 1 
Since maximum values of the conversion gain can be obtained at optimal cutoff 


angles [7], then taking (18.17) into account, condition (18.16) is represented 
in the following form with the realization of elevated conversion gains: 
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— ‘ k “13 
Prop. V 2m =) (10s =) 

P, . —l)- 

in én ku(n—1) 

a 

It is well known that with the same Q in a charge storage diode multiplier, the 
greatest conversion gain is realized at cutoff angles of 6),, = m/2 in the case 
of even values of n, and: 


, k=1,2,..,2—1. 


Bmax = = ( ae \ rit Onax= = (“T*} 
2 / 2 


n n 





in the case of odd values of n. It follows from (18.17) that for cutoff angles 
of 8 < Onax» greater powers can be obtained at the multiplier output than when 
8 = @nax» but in this case, the conversion gains are lower. 


Increasing the working powers and increasing the conversion gain can lead to a 
substantial rise in the power dissipation, and for this reason, it is necessary 
to check the condition of the permissible power dissipation, which is more 
conveniently represented in the following form taking (18.12) into account: 





fmax_ F snavx 2 V1 -|- Pyon/ Pan 
fin fax yn (8) Pron/Pan 


The final choice of a diode is also made using formulas (18.13) - (18.15), in 
which the value of y,(@) is to be substituted instead of B. We will note that 
when selecting the type of charge storage diode, one must also specify the cutoff 
angle 6 at the same time. 


Thus, the following parameters become known with the choice of the diode: the 
breakdown or permissible inverse voltage Upy, the varactor nonlinearity exponent, 
the recombination time t, and the recovery time tyec, the maximum frequency fyjt, 
the permissible power dissipation P,,,, the p-n junction capacitance. for a 
definite bias voltage C(U,), the bias voltage U, at which C(U,,) and fyz_ were 
measured as well as the loss resistance rgey (18.11) and the cutoff angle 6. 


18.4. The Power Design Calcuiation Procedure for the Operational Mode of a 
Diode in a Parallel Type Multiplier 


The design calculations for a diode operating mode are carried out based on the 
output power for it: 


Pan = Poue/ Nout Pr S Prsx/ Nose: 


Here, Noyt is roughly specified in a range of 0.8 to 0.95. The type of diode 
is selected based on the known values of Pan, Foy, and n. 


The power design procedure for a diode for both modes is practically the same, 
however, because of the difference in the volt-coulomb characteristics of the 
p-n junction in these modes, the computational relationships are different. 
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The Cutoff p-n Junction Mode. 1. We calculate the operating bias voltage Up 
with which the specified diode output power Pq, can be obtained based on the 
following expression: : 
- -( U ) Uion Vita 
an Uo max aRs ( 4V1 4-a)" , (18.18) 


where a = [povex ( Yo)"]2 is the conversion parameter; the values of a and 8 
lox Un 

are taken from Table 18.1; Ug pay is the maximum permissible bias voltage, which 

satisfies the condition for no junction breakdown (18.9). The values of Ug max 

for different values of n and v are also given in Table 18.1. 

The equation for Pgp (18.18) is uniquely related to Ug, however, it does not 

resolve in explicit form in the general case with respect to Ug and Ug can be 

found either graphically or with a computer. 

In the special cases where a < 2, which occurs when ng < 0.25: 


2U ———— 
Uy ome Rs @P aux ‘ 
Uyon 


When a > 10 ~ ng > 0.5: 
oa 


ae fupen Uo max - Ponx Rs ~ 
Uy Uamu | a fox ( 7) Udo | 


Aon 


2. We calculate the varactor quality factor Qq for the voltage Up using formula 
(18.6). 


3. We determine the conversion gain: 
ny = BOR + V T+ GQ F. 
4. We calculate the input power: 
Pin = Pan/Nin"d Pax== Pn (Max Ta (18.19) 


Here, nin just as Noyt is specified by working from the frequency range and the 
proposed type of multiplier circuit. 


= 5. We check the condition of permissible power dissipation in the diode using 
formula (18.12). If this condition is not met, then it is necessary to either 
choose a diode with a greater value of f,4; or Pper» or to use addition circuits 
or a multiplication circuit with two diodes [3]. 


6. We determine the varactor capacitance for the bias voltage Up: 


C(Ue)= CU) (UalUe)’. 
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7. We calculate the overall impedance of the p-n junction at the input frequency: 


Ztotal in = ‘total in + 3Xtotal in° Za ox = avs t | %ane: 


Here: 


loax=uoenV: 1 -+(BQ,)* 


ron anes VY (a) e+ HY 


= where q is a certain parameter which characterizes the ratio of the maximum 
permissible value of the amplitude of charge oscillations to the constant charge 
across the nonlinear capacitance (see Table 18.1). 





8. We calculate the total impedance of the p-n junction at the output frequency 


Zrot out = Trot out + JXtot out: Heres Trot out = Trot in 274 *tot out = 
Xtot in/- 


The Partial Cutoff Mode Using a Charge Storage Diode. 1. We determine the cutoff 
angle @ more precisely. Since it is practically always necessary in a frequency 
multiplier to obtain the greatest conversion gain, then one must choose cutoff 
angles corresponding to the maximum wares of Fhe conver’ yon gain: 


"for even ny : 





Fd “ApH 4eTHEIX ny *. 
cia -1\ : | 
(= )+ Ip HeyerTHEIX Nn. 
n or odd ne 


2. We calculate: esta adhe ee fae ce 


_ 1 fsin(a—@ _ sin(nt-@ 
(8) = <-| a—! n-l |: 


To facilitate the calculations, some of the values of y, when @ = 89 are given 
in Table 18.2. 


TABLE 18.2. 









yn(Oo)- 107] 21,1) 6,9 | 6,9 | 4,24 | 3 | 2,652 | 2,52 





1,86 | 1,601.67 | 0. 





7 3. We determine the conversion parameter: 


c-[fas weo) 
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4. We calculate the amplitude of the charge fundamental frequency: 


no Ve. Pan 
: 2nfox Rga V t+a 


5, We calculate the maximum permissible value of the charge amplitude which 
satisfies condition (18.10): 


41 max C(Uy)Uper[1/(1 - cos0)]. 7 Gi max =C (Us) Ux00 T0508 


6. We check for the condition of no diode breakdown: qj < qj max- If this con- 
dition is not met, then it is necessary to choose a diode with a greater value 
of Upey- If there are no diodes with a greater value of Uper in the specified 
frequency range, then one can reduce the cutoff angle @ down to a value which 
satisfies the no breakdown condition. However, the conversion gain in this 

case will be less than at the optimum cutoff angle. 


e 7. We calculate the conversion gain: 
n= al(l 4-V1-a)’. 
8. We determine the input power from (18.19). 


9. We check the condition of the permissible power dissipation using (18.12). 


10. We calculate the bias voltage: 
. _. si @ 8 cos @ 
U 2 Mis See F 
° 6 Un) n 


11. We calculate the total impedance of the p-n junction at the input frequency 
Zupx == Snox “F j%n ox: [Zeot in ~ Trot in + TXrot in! - Here: 
— : I @—sin 8 cos 8 
“To ax = Rs VI-+48 3 Xan = — 
— max 2afax C Un) x 


12. We calculate the total impedance of the p-n junction at the output frequency: 
2upux Tooux Xu usx: [Zrot out ~ Ttot out + JXpo¢ outl* Here: 


7 I 8 s 
Takia loa, Past Sala Ua) 


18.5. The Design of the Microwave Input and Output Networks of a Multiplier 


The structural design of a frequency multiplier depends on the range of working 
frequencies and the electrical requirements. 


Since the cross-sectional dimensions of the structure of an active phased array 


module are limited by the spacing between the radiators, the input and output 
microwave networks in microwave band multipliers are frequently made using 
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microstrip lines. In this case, the matching devices provide for the matching 
of the diode impedance at the input frequency to the characteristic impedance 
of the line at the multiplier input and the diode impedance at the output fre- 
= quency to the characteristic impedance of the line at the multiplier output. The 
characteristic impedances of these lines are usually 50 or 75 ohms. 


The filters of frequency multipliers are made with either open-circuited or short- 
circuited loops, or with low pass filters (FNCh) and bandpass filters (PPF). The 
filters in the input and output microwave networks of narrow band frequency 
multipliers with an odd value of the multiplication factor, the working band- 
width of which is considerably less than the maximum, can be made from quarter- 
wavelength open or short-circuited line sections [8]. In narrow band frequency 
multipliers with an even value of the multiplication factor, there can be a 
filter using line sections in the input microwave circuit, while there can be 

a bandpass filter in the output circuit. Low pass filters are used in the micro- 
wave input circuit of broadband frequency multipliers with any multiplication 
factor, while bandpass filters are used in the output circuit. 


The insertion points of matching and filter networks relative to the diode are 
chosen so that the impedance of the output microwave circuit at the input fre- 
quency f;, is considerably greater than the diode impedance Z3,, while the 
impedance of the input microwave network at the output freauency is the diode 
- impedance Zo¢- 
The diode impedance is determined not only 
fx by the p-n junction impedance, but also by 
Ce zn the reactive parameters of the package: 
the inductance of the leads L, and the 
package capacitance C;. The diode equiva- 
lent circuit is depicted in Figure 18.2, 
Figure 18.2. The equivalent circuit where 25 is the impedance of the p-n 
of a diode in a package. junction at the input or output frequency. 
In accordance with Figure 18.2, the diode 
impedance at the input frequency, taking into account the package parameters, 
is ZBX = rpy + jxpx [Zin = Yin + J¥yp], where: 


rn px 


| 

(18.20) - | 

(Xt nx} 20 fnx Lu) [1 —2tfax Cy (Xn nxt 20 fax Ly)] eat BX 2nfax Cy 
[1 —20fnx Cre (Xa nx-t 20 fax Lu)]?-+ (20 fax Cx Pn nx)* 


Xu = 


In the expressions cited here for an unpackaged diode with wire or tab leads, one 
can assume that Cy, = 0, and for a diode with a beam type chip structure (where 
there are no wire or tab leads), C, = 0 and Ly = 0. 


Expressions (18.20) can be used to calculate the diode impedance at the output 
frequency, if the subscript "BX" ["in'"] is replaced with the subscript "sax" 
["out''] ; 
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Bxad+~ 
“Input 





Figure 18.3. Schematic of a parallel type frequency multiplier with 
loops using microstrip lines. 


One of the possible circuit configurations for a parallel type multiplier with 

open loops is shown in Figure 18.3. The loop Shy compensates for the reactive 

component of the diode impedance at the frequency fs,» figured from the point of 
diode insertion (point C) to point A of the line. 


The insertion point of the loop Sh, in the input circuit is calculated by means 
of the relationship: 


on (=OPntGe—9 | (18.21) 
Oa 8 Bap+ Ged (12 pa 


Loop Shy provides for filtering the output frequency from the input microwave 
network and decoupling the input circuit from the output circuit at the output 
frequency foy+-. The length of the loop Shp is lp = A,/4n, where A, is the 
wavelength of the output frequency in the line, while its point of insertion is 
found at a distance of 17 = 19 from the diode. In this case, loop Sh, in 
shurting the main line connecting the input of the multiplier to the diode at 
the point B prevents this frequency from getting through to the multiplier input 
and provides for a close to infinite resistance of the input microwave circuit 
on the diode side at the output frequency fo. 


Here: . 
~ rox(I Ie =) 
ee pe ee aA 
Fie (smn tes | 
rT _. % nt nm \2 
dr, tg on = (oe tg a] (roe-+ te A) +te = (enn tote a (18.22) 

SS Pk _ = 7 a Oe 2 ( 

o| Fag | (s+ tes) | 


are the conductance and reactive components of the admittance of the line at 
point B. 


The fact that the characteristic impedances of all of the line sections are the 


same and equal to the characteristic impedance p of the input line was taken into 
account in deriving this relationship. 
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The length 1, of the loop Sh, is determined from the expression: 


On 2 
pate — (Bote = b) (1-2 tbo 
2x At Ay At 
eae ot \ an. \3 . 
; (1-8 pte a (cote ste 
At A 


The values of B and G are computed from formulas (18.22). 


The loop Sh. and line section lg in the multiplier output circuit provide for 
matching of the diode impedance at the output frequency to the characteristic 

~ impedance of the line connected to the multiplier output. The connection point 
of the loop ard its length when the characteristic impedances of all the sections 
are equal are chosen by means of the following relationships: 


te ana —*snx Pt V —2rhux 07--ranx ( Xaux +O") + dux © , (18.23 
At a p (0— Rarux) ere 
Quan 2nn Qn n 
Onn —Thux té a lg + (psx tg rs | (nax-+9 tg = A) 
ee ee (18.23) 
1 


a 
fie (seus tg as) 
i 
The length of open loop Sh, is ls = Az/4, which blocks the input frequency at 
the multiplier output. The point of connection of the loop Shy, relative to loop 
Sh3 is determined from the condition for obtaining a close to infinite impedance 
of the output microwave network on the diode side at the input frequency. If the 
. characteristic impedances of all of the lines of the microwave network are equal 
to the impedance of the line at the multiplier output, the length of the section 
lg is determined from the relationship: 


1 


% 
t¢— ly =: 


a 2n 20 
teed tegn 


Note: In expressions (18.21) and (18.23), the sign in front of the square root 
is chosen from the condition for obtaining the smallest microwave circuitry 
dimensions. 


Loop Shs with a length of 13 = A4/4 is short-circuited for radiofrequencies 
through the blocking capacitor (C, ) and serves to decouple the microwave circuits 
from the DC supply circuitry for Phe bias voltage. Up fed to the diode through 

line sections 13 and 17. To expand the range of working frequencies of the 
circuit which contains loop Shs and the blocking capacitor, the characteristic 
impedance p., [P1o0p!] of loop Shs is to chosen substantially greater (by a 

factor of three to Five times) than the characteristic impedance of the main 

line 9. The maximum value of p is limited by the technological capabilities 

of fabricating lines of small width and amounts to 150 to 200 ohms. The capa- 
citance of the blocking capacitor is chosen from the relationship: 


Cyy = (20.4.50)/2tE Poop: tan (20--FN/23 Fox Pan 
= 34 ~ 
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Figure 18.4. Multiplier circuit board. Figure 18.5. Schematic of a simplified 
input microwave network 
for a frequency multiplier. 


One of the layout variants for a printed circuit board of the multiplier networks 
designed in the configuration of Figure 18.3 is shown in Figure 18.4. To reduce 
the dimensions of the circuit board, it is recommended that the conducting strips 
of the microstrip lines be bent at an angle of 90° and brought close to each 


other, but no closer than three substrate thicknesses to preclude parasitic 
coupling between them. 


In a number of cases, the input microwave network of a multiplier is simplified 
by providing matching of the diode impedance at the input frequency through the 
choice of the characteristic impedances of the filter loop Shy and the section 
17 which connects the loop to the diode. A schematic of a simplified microwave 
inout circuit is shown in Figure 18.5. The characteristic impedances of the 
sections py and Po are calculated from the formulas: 


_ 3 
Pa ae ts (sx te] 


a (° x te }(« este) —1 te 
tA aE ae 2 


p= (—n 5 / (1-4-1 st |r é ) 


te 2n 


: i 





When x4, > 0, a plus sign is used, and when x;, < 0, that sign which provides 
for an acceptable value of py in terms of the structural design. If the values 
obtained for pj or po are difficult to achieve in practice, then matching must 
be accomplished using the configuration of Figure 18.3. 
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CHAPTER 19. MICROWAVE AMPLIFIERS AND OSCILLATORS USING AVALANCHE TRANSIT TIME 
DIODES 


L9.1. Basic Characteristics 


Avalanche transit time diodes (LpD's) [IMPATT diodes] can be used to construct the 
oscillator and amplifier stages of transmitting active phased array modules in a 
frequency range from a few up to hundreds of gigahertz. As compared to other 
microwave semiconductor devices, IMPATT diodes provide for a high output power in 
a CW mode at frequencies above 10 GHz and greater efficiency in a pulsed mode at 
frequencies on the order of a few GHz. 


The parameters and technical characteristics of microwave IMPATT devices such as 
the output power, working frequency, efficiency, etc., depends substantially ‘on 
the diode operating conditions. No less than five operational modes of IMPATT 
diodes have been experimentally observed, which are realized depending on the para~ 
meters of the diode oscillatory circuitry and the power supply networks. For the 
practical application of IMPATT diodes in microwave power oscillators and amplifi- 
ers, there are two modes of significance which differ ini:the rate of drift of the 
current carrier in the blocking p-n junction layer: the fast drift mode, in which 
the rate of travel of the carriers is equal to the saturation rate for the given 
semiconductor material, called the avalanche transit mode (LPR), and the slow 
drift mode, in which the rate of motion of the carriers is significantly less than 
the saturation rate, called the trapped plasma mode (RZP). (In the foreign liter- 
ature, these modes are called IMPATT and TRAPATT modes respectively). . 


The working frequency for TRAPATT devices fallg in the decimeter band. In this 
band, when a single diode is used, the pulsed power with an efficiency of 25 to 
30 percent at frequencies around 1 GHz usually amounts to 100 to 400 watts, and 
with CW operation, 10 to 40 watts. 


The IMPATT mode is a higher frequency mode. Its operating frequencies fall in the 
centimeter and millimeter bands. The power delivered by a single diode in the 
centimeter band amounts to a few watts with an efficiency of about 10 percent in a 
CW mode and tens of watts in a pulsed mode. In the millimeter band, IMPATT diodes 
make it possible to obtain a CW output power on the order of a few watts at a 
frequency of 50 GHZ with an efficiency of 14 percent and 0.38 watts a frequency 

of 92 GHz with an efficiency of 12.5 percent. 


It can be anticipated that in upcoming years, the power of a single IMPATT diode 
in a CW mode will reach 30 watts at a frequency of 10 GHz, 2 to 3 watts at a 
frequency of 50 GHz (avalanche and transit time mode) and 50 watts at 1 GHz 
(TRAPATT). The indicated powers can be increased by approximately an order of 
magnitude when various methods of power additions are employed. 


It must be noted that because of the technical difficulties in realizing a 
TRAPATT mode, it was discovered and studied considerably later than avalanche and 


transit diode operation, and its theory is incompletely developed at the present 
time. The lack of a simple mathematical model which permits the calculation of 
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the diode impedance makes it difficult to design a TRAPATT diode module, and the 
design of such modules is accomplished at the present time by primarily an empirical 
approach. Because of this, the fundamentals of the engineering design of microwave 
stages are set forth in this chapter for IMPATT diodes and only some of the major 
features of TRAPATT design are treated. 


The use of IMPATT diodes is most expedient in the output stages of modules where 
poor noise characteristics are not of substantial‘importance and the governing 
parameters are the output power and the efficiency. Since output stages, as a rule, 
operate with a power gain, the characteristics of IMPATT power amplifiers are of the 
main practical significance. 


The properties of IMPATT amplifiers (ULPD) are qualitatively similar to the proper- 
ties of the well known amplifiers using negative resistance diodes (parametric and 
tunnel diodes) as well as electron transport diodes (DPE's). In generalizing the 
results of theoretical studies of such amplifiers, one can formulate the major 
properties of IMPATT diode amplifiers. 


1. The maximum value of the gain is limited by the amplifier stability conditions 
(the instability in the diode resistance, the nonideal nature of load matching, 
etc.) and under actual operating conditions for an amplifier, should not exceed 
20 dB in the case of low.:input signal levels. 


2. The maximum output power and efficiency are realized at a certain definite input 
signal level; in this case, the gain falls off by a factor of several times relative 
to its small signal value, sé that the actual values of the gain in a maximum output 
power mode do not exceed 10 dB. 


3. The maximum output power and efficiency of an amplifier are approximately equal 
to the corresponding parameters of an optimally tuned sélf-excited oscillator us ing 
the same diode. 


4. The bandwidth of an IMPATT diode amplifier is limited by the diode Q im accord- 
ance with Fanno's relationship: 


(=) pate st. 
fo Joven Quin 7 Kp | 


where (Af/fo)yu1t is the ultimate bandwidth; Kp is the power gain; Qq is the diode 
2 quality factor. It follows from this that for the actual valueswof Qq = 6--15 and 
2 Kp < 10 dB, the ultimate passband does not exceed 15 percent. 
5. The nonlinear distortions at the output of an IMPATT amplifier increase with an 
increase in the gain and for small gains (Kp < 10 dB) do not exceed the distortions 
in traveling wave tube amplifiers. 


Thus, the output amplifier an IMPATT diode module can provide an output power on 
the order of a few watts in a CW mode in the centimeter band and of several tens 
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of watts in the decimeter band with a gain of around 10 dB.in a passband of approx- 
imately 15 percent. 


In staructural terms, the IMPATT diode amplifier or oscillator is made in the form 
of a microwave resonator (cylindrical, rectangular, toroidal, coaxial, stripline, 
etc.), coupled to the load and the input signal source (in the case of an amplifier) 
with the diode mounted in it. An external view of an amplifier is shown in Figure 
19.1. 









Figure 19.1. External view of an IMPATT diode amplifier. 


19,2. The Parameters of IMPATT diodes and Specific Features of Their Applications 
ja the Modules of Active Phased Transmitting Antenna Arrays 


An avalanche transit time diode (Figure 19.2) is a complex semiconductor structure 
(1), which is mounted on a heat sink (2), housed in a hermetically sealed package. 


The distribution of the electric field intensity E(x) in the diode is shown in 
Figure 19.3, where x is the distance figured from the plane of the junction. 
Such a distribution is characteristic of all of the known types of IMPATT diodes 
[1-5], and for this reason, the essence of the physical processes occurringin 
IMPATT diodes is described by the same mathematical model regardless of the nature 
of the internal structure of the diodes. 


The major contents of this model reduced to the fact that when the inverse bias 
voltage is equal to the breakdown value Ubr, the electrical field intensity exceeds 
the critical value E = Ecr, corresponding to the onset of avalanche breakdown, only 
in a small region of the barrier layer with a width of 6 (Figure 19.3), because of 
which, the entire barrier layer of the p-n junction with a width W is broken down 
into two regions: a narrow region of width 6 (6 << W), in which the process of 
impact ionization and avalanche like multiplication of the number of carriers takes 
place: the so-called multiplication layer (SU) and a region of carrier drift of 
width W - 6, where the carriers formed in the multiplication layer move at a 
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velocity V. It is assumed that the electric field intensity in the barrier layer 
during the time of carrier drift does not fall below a certain value Eg, correspond- 


ing to the saturation velocity Vs, so that the drift speed is constant and equal 
to the saturation velocity V = Vs. 


+ Figure 19.2. The structural design of an IMPATT 
diode in a package. 





+ 

Figure 19.3, The distribution of the electric 
field intensity E(x) in an 
IMPATT diode. 





Based on the model considered here for a harmonic voltage of low amplitude applied 


to the diode, the impedance of the p-n junction is determined by the following 
expressions [1]: 


Zpen= Roen-+§ Xen 
we or fests (19.1) 
oc 1—R oo ' 
xX == B  wt—sinat 1 ) 
p-n~-= Saat ee . 
oC \ 1—f wt 1—p? 





(19.2) 


Here, C = eS/W is the barrier layer capacitance of the p-n junction; S is the 
junction area; w = 2nf is the frequency of the harmonic voltage applied to the 
diode; t = (W - 6)/Vg is the drift region transit time by the carriers; 


ft = coz/eo? (19.3) 
is a parameter which characterizes the diode operating mode; w is the avalanche 
frequency which characterizes the resonant frequency of the electron-hole plasma 
in the multiplication layer. The avalanche frequency is determined by the proper- 


ties of the semiconductor material and the technological and structural parameters 
of the p-n junction, in accordance with the expression [1]: 
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Mts Qa (m |-y) Vg V'/2 (19.4) 
a e SbExy , 


where Ig is the DC current fbowing through the junction; m is a coefficient which 
determines the dependence of the impact ionization coefficient of the majority 

A carriers on the electrical field intensity for an approximation of this function 
with a power function of the type E™; y is a coefficient which characterizes the 
sharpness of the p-n junction. 


When ceveloping a circuit for an IMPATT diode oscillator, it is convenient to 
treat as a two-pole network characterized the impedance Zg = rq + jXd, the resis- 1° 
tive rq and reactive Xqg components of which can be determined on the basis of the 
simplified equivalent circuit [1] shown in Figure 19.4: 


| . XE (Rp-n—Rs) 

SS See (19.5) 
' ee (Ron — Rg P+ (Xpent Xi— Xo)? 

Xe Delon Rs Pt (Xpent Xz) (Xpent Xz — Xe) 
(Rp.n— Rs )*-(Xp-n — Xz Xo}? 


(19.6) 


where 


Figure 19.4. The equivalent circuit of an avalanche 
transit time diode. 





The expressions given here make it possible to ascertain the major properties of 
an IMPATT diode which govern the specifics of its applications in the design of 
= oscillator and amplifier stages in active phased antenna array modules. 


The resistance of an IMPATT diode is negative when $2 < 1, i.e., at frequencies of: 


W > Uy. (19.7) 


Physically, this means that when condition (19.7) is met, the alternating current 
i(t) = Re ImeJutt> flowing through the diode is shifted in phase relative to the 
applied harmonic voltage u(t) = Re U,eJ“€ by an angle of 90° < $ < 270°. In this 


- 347 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


case, the diode can be treated as a source of oscillatory power. The average power 
delivered by the diode to an external circuit over an oscillation period T is 
proportional to the negative resistance of the diode rq = Up/Im.- 


The negative resistance (NR) of a diode for given structural and production process 
parameters depends, as follows from (19.1) - (19.5), on the frequency and direct 
current of the diode. The nature of the frequency dependence of the negative 
resistance of a p-n junction is determined by the factor (1 - cosut)/ut in accord- 
ance with (19.1), where this factor has a maximum at a certain optimal value of 
the transit angle Oop¢ = (wt)opt = 2.2 rad. It follows from this that for a 
specified carrier drift time, a definite frequency fry, called the transit fre- 
quency, corresponds to the maximum negative resistance of a p-n junction: 


fee = fap = 0,35V5/(W— 5). (19.8) 


Thus, the width of the depleted region of an IMPATT diode, intended for operation 
at a specified frequency, should have a definite value, depending on the properties 
of the semiconductor material. If the diode is intended for operating in a range 
of frequencies, then the depletion region width is usually selected so that the 

- average frequency of the band is equal to the optimal frequency: 


fopt = Fmtn + fmax)/2. (19.9) 
In this case, the power delivered by the diode to the axternal circuit is a 
maximum at the center frequency of the band and falls off towards its boundaries. 
The negative resistance of an IMPATT diode increases with an increase in the direct 
current Ig, as follows from (19.1) - (19.5). However, the working current IQ at a 
specified frequency should always be less than the characteristic current Iy, for 
which the avalanche frequency becomes equal to the working frequency, since in 


this case, B* = 1 and Rp-n| +o, The characteristic current is frequently used as 
the IMPATT diode parameter in place of the avalanche frequency. In this case: 


2 
: B = 1)/I, (19.10) 


and as follows from (19.4): 


(19.11) 
1, oF ESHE,,/2 (n-|-y) Vs. 


The maximum permissible diode working current IQ pez is limited in the case of a 
specified ultimate temperature for the p-n junction, Tp-n per by the temperature 
of the heat sink Tg in accordance with the expression fil: 
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= Ip per = To non = (Tp-n non —T,)/R, Uo, (19 . 12) 


where Rp is the thermal resistance of the diode; Up is the DC voltage. 


Thus, the diode power depends substantially on its structural design (Ry) and the 
configuration of the microwave network (Tg). For modern IMPATT diodes, depending on 
the structural design and material of the semiconductor: 


Ry = 20... 150 deg/W (19.13) 


The greatest values of the thermal resistance are observed for diodes with a planar 
structural design and mesa.structures. For an inverted mesa structure, RT < 35 
deg/W; for Schottky barrier diodes, Ry ~ 20 ... 30 deg/W. 


Domestic industry is producing silicon three-layer IMPATT diodes of the 2A706 type 
with a p -n-n* structure having the following parameters: 


Working frequency range, GHz: 


2A706A (red dot) 8.5 - 10 
2A706B (blue dot) 10 - 11.5 
2A706V (white dot) 8.5 - 10 
2A706G (black dot) 10 - 11.5 
Power, mW: 
2A706A 100 
2A4706B 100 
2A706V 50 
2A706G : 50 
Capacitance, pFd 0.2 - 0.5 
Breakdown voltage, volts 50 - 120 


Efficiency, percent 3.5 - 6 


Package parameters: 
Inductance, nanohenries 0.4 - 0.5 
Capacitance, picofarads 0.4- 0.5 


Operating current, in mA, is indicated on the individual diode package. 





The overall dimensions of the diode puckage are shown in Figure 19.2. 


The static differential diode resistance, Rg = dUg/dIQ, determined on the basis of 
its volt/ampere characteristics, amounts to approximately 300 ohms. Because of 
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this, to stabilize the operating current and prevent thermal breakdcwn, the diode 
power supply should have an internal resistance of Rj >> 300 ohms. In the absence 
of such a supply, it is necessary to insert a limiting resistor in series with the 
diode having a resistance of Rlim >> 300 ohms. 


To calculate the diode impedance from the data sheet values, it is convenient to 
represent formula (19.11) in the form: 


2 
I, -= 0,5nf? CU np/Faps i 0.5nf cu, /E. (19.14) 


setting y = 1 and m= 7. The characteristic current as a function of frequency, 
computed from formula (19.14) for 2A706 diodes is shown in Figure 19.5, where the 
regions of characteristic current values due to scatter in diode parameters as well 
as its average value are shown. 






— PAWEAS 
—=- AMES 


—_— 
eh en ee 


Figure 19.5. The characteristic current of 
an IMPATT diode as a function 
of frequency. 


curves are also shown here. 


The small signal impedance as a func- 
tion of frequency and direct current, 
calculated from formulas (19.1) - 
(19.6) for 2A706A and V diodes is 
shown in Figure 19.6, where the 
region of diode impedance values due 
to scatter in the parameters are 
indicated for various constant values 
of 62. These regions are enclosed 
between two curves (the solid and 
dashed lines), corresponding to the 
extreme permissible values of the 
diode capacitance (the minimal is 
the solid curve and the maximum is 
the dahsed curve) for the same con- 
stant value of the parameter g2 = 

= const. The small circles indicate 
the values of the impedance at 
various fixed frequencies which are 
specified in gigahertz alongside 

the circles. Constant frequency 


The resistive and reactive components of the impedance 


of a diode in a package are shown in Figure 19.7 as a function of frequency for 
the maximum and minimum permissible values of the diode capacitance. As can be 
seen from the figure, the resistance of the diode is negative in a broad frequency 


range (about 20 GHz) of f1 < £ < £pax- 


The broad band response of the negative 


resistance of the diode makes it possible to use it for the broad band output 


stages of active elements of modules. 


On the other hand, the presence of negative 


resistance in a very wide band of frequencies can cause the excitation of para- 
sitic self-oscillations at frequencies other than the working frequency, something 
which creates definite difficulties in assuring circuit stability, all the more 
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since in the region of existence of negative resistance, the diode equivalent 
circuit (Figure 19.4) has two natural resonances: a series resonance at a frequency 
of: share 


nates - ‘ 
funen On (hx Cn) t 


and a parallel resonance at a frequency of: 
I Cy Coa 
5; 2... L _eoo > 
Iuap on ( K Cu} Coon i 


where Cp-n is the equivalent p-n junction capacitance in the operating mode. Both 
frequencies depend on the diode direct current I9, increasing with an increase in 
this current. 


fn 50 we 5B Pg 


ay = - 





Figure 19.6. The small signal impedance 


| | Ue TK len of a 2A706 diode as a function 
nies | of frequency and the para- 
meter 82. 


When IMPATT diodes are used in output power amplifiers, the dependence of the nega- 
tive resistance of the p-n junction on the amplitude of the oscillations - the ampli- 
tude of the current flowing through the junction I,, is of considerable importance. 
In the case of large current amplitudes (I, > I,), the average value over a period 
of the parameters which determine the impedance of the p-n junction differs from 

the corresponding small signal values which enter into expressions (19.4) and (19.5), 
which leads to a reduction in the resistive and reactive components of the p-n junc- 
tion impedance with a rise in the current amplitude. In this case, the impact of 
the amplitude of the oscillations on the value of the reactive component of the 
junction impedance, X,_,, is considerably less than on the value of the resistive 
component, Rp-n, since the slope of Xp-p as a function of the current amplitude Ip 
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Figure 19.7. The resistive and reactive components of the 
impedance of an IMPATT diode in a package as a 
function of frequency for the maximum ( ) and 
minimum (- - -) values of the capacitance. 





is approximately an order of magnitude less than the slope of the corresponding 
function for Rp-n. This makes it possible when calculating the quantity Xp-p to 
2 assume that it is independent of the amplitude of the oscillations. 


The negative resistance of the p-n junction of an IMPATT diode as a function of « 
‘the current amplitude is described by the expression: 


oe Ron == Ron (0) ® (Inn) pore 


where Rp-n(0) is the small signal value of the negative resistance of the p-n 
junction (19.1); (1) is a monotonically decaying function. For practical designs 

of microwave devices using IMPATT diodes, it is convenient to approximate the 
function $(1,,) with a quadratic parabola: 


® (In) = 9—Cl hh. (19.16) 


The approximation parameter q and c are chosen on the basis of existing theo- 
retical or experimental curves of the negative resistance as a function of the 
amplitude of the oscilla’ ions. 


In generalizing what has been presented here, we shall note some specific features 
‘of the application of IMPATT diodes in microwave devices. 
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The application of IMPATT diodes in the active elements of modules is possible at 
frequencies from a few gigahertz up to several hundreds of gigahertz, where its 
negative resistance is manifest. The negative resistance of an IMPATT diode is 
manifest in a broad frequency range - about 20 GHz, which makes it possible to use 
it for the realization of broadband output stages of modules. On the other hand, 
the broadband nature of the negative resistance leads to the necessity of taking 
special measures to assure the stability of the stages. 


The dependence of the maximum permissible diode current on the ambient:' temperature 
leads to the necessity of a careful structural design of a good heat sink. 


The considerable production process scatter in the parameters of the diode, as well 
as the poor precision of existing methods of calculating their impedance makes it 
necessary to employ a large number of control elements in the design of amplifiers 
and oscillators. 


19.3. Microwave Circuits of Oscillators Using IMPATT Diodes 


Since the impedance of an IMPATIT diode is characterized by a rather large reactive 
component, the simplest microwave circuit with an IMPATT diode can be represented, 
as shown in Figure 19.8a, with a resonant circuit Lequiv Cequiv with the load 

Z resistance Ry and the negative resistance rq inserted in it, where Cequiv is the 
equivalent capacitance of a diode with a reactance Xq = (Wequiv)*; Eequiv is 
the equivalent inductance of the external circuit with a reactance of Xload = 
= wLequiv- 


The model given here for the simplest microwave circuit with an IMPATT diode is 
justified not only when considering the circuit external to the diode terminals, 
but also for the circuit internal relative to the "terminals" of the p-n junction. 
In this case, the components of the impedance at the input terminals of the diode 
rq and Xq are replaced in the circuit with the corresponding components of the 
impedance of the p-n junction Rp-n and Xp-np, while the reactive components of the 
- package (Ly, Cy) apply to the elements of the external circuit. In this case, the 
parameters Ry and Xj; [Rioad and X1load] designate the resistive and reactive compo- 
nents of the external circuit impedance, referenced to the "terminals" of the 
p-n junction. 


Such a treatment proves to be frequently the most: convenient one, since throughout 
the entire range of frequencies where the resistance of the p-n junction is nega- 
tive, its reactance is always capacitive. Taking relationships (19.15) and (19.16) 
into account, we represent the expression for the voltage across the resistance 

in the form: 


oor —al -/- bi, 


(19.17) 


where a-- [Ryn (1G + 1IR,., M3 , and we derive the differential equation for 


the current: 
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‘ 
-. -M(1 — Bit) on ae + Ogi 0. 
(19.18) 
Here: oA DESY, oie 


By designating the coefficient in front of the first derivative as 
(19.20) 


dgnp 220.509 M (1 —Bi?), 


We shall represent the resulting equation in the form of Van'‘der Pol's equation 


known from oscillation theory: 


ad 


dy dl 
We |-2que FP +03! =O, 
i=Ime “oKB # sin (0 t—q) . 


The solution of which is 





Figure 19.8. Schematic of a microwave device using an IMPATT 
diode. 


It follows from this that the circuit stability (the absence of increasing 
oscillations in'the case of a random perturbation) is assured when the condition 
= 1, when: 


aequiv > 0 is met, or as follows from (19.18) - (19.20) for q 


Rn >|Ro-n {9)}. (19. 21) 
Similarly, the excitation condition can be represented in the foru 
Rasp (19.22) 
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while the condition for steady-state self-excited oscillations (oscillation mode) 
is: Ry = [Rioad] = Rp-n (aequiv = 0), where Rp-n is the average value of the 
negative resistance over an oscillation period. 


Since the value of Rp-n for each specific diode at a specified frequency is 
governed by the value of the direct current (19.1), (19.3) and (19.4), then it 
follows from (19.21) and (19.22) that the choice of the circuit operating mode 
can be made by means of choosing the load resistance Rload or the value of the 
direct current Ig. The current corresponding to the excitation of self-oscilla- 
tions for a specified load resistance is called the starting current, Istart. In 
this case, the condition Ig > Istart corresponds:to the oscillation condition and 
the stability condition is Ig < Istart. 


If an alternating current source is added to the simplest electrical circuit with 
an IMPATT diode (Figure 19.8a), then when stability condition (19.21) is met, a 
power gain is established in the circuit for the input oscillations, and when 
condition (19.22) is met, an external synchronization mode is established for 
natural oscillations, or a so-called synchronized oscillator mode. Both modes can 
be used for the operation of the output stages of modules. A free-running oscil- 
lator, as a rule, does not find practical application here because of the difficul- 
ties of realizing the requisite phase distribution over the elements of an array. 
However, the parameters of this mode must taken into account in the design work 

so as to assure the stability of the primary operating mode, i.e., the absence of 
amplitude and phase jumps in the output signals, which can appear as a consequence 
of the excitation of parasitic self-oscillation. 


The fact is that the realization of the simplest microwave circuit shown in 
Figure 19.8a in a range of frequencies where the negative resistance of an IMPATT 
diode is manifest is not possible in practice. To create an external microwave 
circuit, transmission line sections are usually employed (coaxial, waveguide, 
stripline, etc.), which are coupled to the load. The oscillating systems which 
are formed when an IMPATT diode is inserted in such line sections, as a rule, are 
multiple resonance resonance systems, The appearance of additional (parasitic) 
resonances is explained by the influence of the parasitic parameters of the diode 
package, the occurrence of resonant volumes when mounting the diode, the impre- 
cesion in the matching to the load, the presence of spatial resonances in distri- 
buted systems, etc. In this case, the equivalent circuit shown in Figure 19.8 is 
approximate and valid only in a small band of frequencies in the vicinity of each 
resonant frequency, in the case where adjacent resonant frequencies are separated 
sufficiently far from each other. The complete equivalent circuit in this case 
should have the form shown in Figure 19.8b, where the impedance, Zy(w) = Ry(w) + 
+jXy(w) designates the total impedance of the external microwave circuit. 


-+- oe Figure 19.9, Schematic of an IMPATT diode 
Lae, | i amplifier with a stabilizing micro- 
72 be ty wave network. 
A) Ute 
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One can write the following based on Kirchoff's law for the reduced circuit in 
the steady-state mode: Zp(w) + Zp-p(u) = 0, from which the equations for the 
amplitude and phase balance of the steady-state oscillations follow: 


Ry (@) -|- Ron (0) =0, (19. 23a) 
Xy(o) -- X p-n(@) == 0. (19. 23b) 


Thus, at the natural resonant frequencies of a circuit, which satisfy the phase 
balance equation, parasitic oscillations can be excited in the case where the nega- 
tive resistance at these frequencies is not equal to zero. For this reason, when 
designing the microwave circuit of an IMPATT diode oscillator, it is necessary to 
take special steps to suppress parasitic self-oscillation. Among them, the use of 
additional control elements and stabilizing circuits is of the greatest practical 
significance. 


Control elements can be made in the form of short-circuited or open-circuited loop, 
quarter-wave transformers, inductive or capacitive stops, stubs, etc. The regula- 
tory control of a circuit ,consists in choosing the point of insertion of the control 
elements so that the natural resonant frequencies of the circuit prove to be shifted 
relative to those frequencies where the impedance of the diode exceeds its input 
resistance. To realize such tuning, one must use several control elements, because 
of which, the tuning process is extremely complicated. In this case, tuning does 
not guarantee the stability of a stage with a sharp change in the operating condi- 
tions and operating mode (for example, temperature). 


The indicated drawbacks are elminiated when stabilizing networks are used. A 
- stabilizing network consists of a stabilizing resonant circuit LeCe which is tuned 
to the working frequency, and a ballast resistor Rbal. The diode is connected to 
the passive external circuit through the stabilizing network (Figure 19.9). The 
- effect of the stabilizing network consists in the fact that at all frequencies, the 
exception of the working frequency, the negative resistance of the diode is 
canceled by the positive ballast resistance, and the active resistance, which is 
connected to the external passive circuit on the diode side, is positive (for this, 
the ballast resistance should satisfy the stability condition). At the working 
frequency, the ballast resistance is shunted by the stabilizing tuned circuit and 
has no influence on the negative resistance connected to the external circuit. 


Thus, in the circuit which contains a stabilizing network, the coupling of the 

- negative resistance to the passive external circuit takes place only at the working 
frequency. In this case, the possibility of the excitation of parasitic self- 
oscillation is eliminated. 
We will note that the schematic of the stabilizing network shown in Figure 19.9 is 


not the only one possible. At the present time, several variants of such circuits 
are known. Their structural design can. also.be diverse. 
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Considering what has been said above, as well as taking into account the fact that 
the resistance of an active phased antenna array radiator. i.e.,of the load, 
changes with a change in the frequency practically arbitrarily outside the range of 
working frequencies, one can consider the circuit of a microwave network for the 
output stage of a module using an IMPATT diode with a stabilizing network as the 
most promising configuration. 


19.4. Structural Design Principles 


Based on the properties treated above for IMPATT diodes and the specific features 
of their external microwave networks, one can formulate general requirements placed 
on the structural design of an IMPATT diode oscillator (GLPD). These are: assuring 
the specified working frequency, operational mode and operating stability, as well 
as the transmission of the power developed by the diode to the load with minimal 
losses in the specified range of frequencies, corresponding to the spectrum of the 
transmitted signals. 


It is correspondingly necessary to provide a resonator or transmission line section 
in the structure which is coupled to the IMPATT diode and the load, as well as 
elements for coupling the diode to the resonator, elements for coupling to the 
input signal source and the load, an impedance transformer and adjusting elements. 


The structural design of individual components depends substantially on the type of 
resonator used, 


As a rule, a ferrite circulator (in reflective type amplifiers) or individual 
J coupling elements: capacitive stubs, inductive loops, diffraction holes, etc. (in. 
- self-excited oscillators and through transmission type empritiate) are used for 
coupling to the load and the input signal source. 


The correct fastening of the diode in the resonator is of.considerable importance | 
in the structural design. In this case, a good heat sink should be provided as 
well as minimal contact resistance in the plane where the diode is joined to the 

. resona‘or. A special clamping terminal is usually employed to secure the diode, 
where this terminal is fastened in a holder nut, installed in the most massive 
wall of the resonator. The diode is inserted in the clamp so that the contact to 
it is made along the lateral surface of the diode package. In this case, the 
thermal conductivity of the clamp should no worse than the thermal conductivity of 
copper. Examples of the structural design of diode fasteners are shown in Figure 
19.10. 


- A diode is usually mounted in a resonator so that the: number of parasitic reso- 
nances is reduced. Resonators with a reduced cross-section are used for this 
purpose or the dimensions of the resonator are reduced at the diode insertion point. 
An IMPATT diode oscillator is realized most simply by using a cosxial resonator 


[6] as shown in Figure 19.10a. The IMPATT diode (1) is installed in a gap in the 
center conductor (2) close to the short-circuited wall which forms the heat sink. 
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Figure 19.10. Examples of the structural design of microwave devices 
using IMPATT diodes. 


Key: a. Coaxial structure; 
b. Toroidal; 
c,d. Waveguide structure; 
e. Stripline; . 
f£, Structure with several control elements. 


The resonator is coupled to the load through a stop (3), and the length of the 
resonator is changed and tuned to resonance by means of moving the short-circuit- 
ing piston (4); the coupling to the load is adjusted by means of changing the | 
position of the coupling stub (5). 


The structural design of an IMPATT diode oscillator with a toroidal resonator [1]. 
is shown in Figure 19.10b. The IMPATT diode (1) is mounted in the center of the 
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resonator (2), and coupled to the load through the::coupling window (3). The 
coupling to the load is adjusted by the positioning of the stub (4). Tuning to 
resonance is accomplished by means of the screw (6). Power is fed to the diode 
through the microwave filter (5). 


Waveguide structures of 3 cm band IMPATT diode amplifiers are shown in Figures 
19.10c and d, [5, 7]. The cross-section of a rectangular waveguide for the 3 cm 
band with a reduced height (1) and an IMPATT diode (2) inserted in it is shown in 
Figure 19.10c. The waveguide height is 1.27 m. The transition to a standard 

10 x 23 mm waveguide (3) is made through an expanding conical section taper (4). 
The coupling to the load is adjusted by means of a moving tuning screw (5). In 
the structure shown in Figure 19.10d, the resonator (1) is formed by a rectangular 
waveguide section, inclosed between two semi-reflecting inductive stops (2). The 
IMPATT diode (3) is inserted in the center of the resonator, where the waveguide 
height is reduced at the point of diode insertion. The coupling to the load and 
the input signal source is adjusted by changing the width of the inductive stop 
window. The tuning is accomplished by means of the fine tuning screws (4). 


In the stripline structure [6, 8] shown in Figure 19.10e, the IMPATT diode (1) is 
mounted in the heat sink plate (2) to which the microstrip line circuit (3) is 
secured. The microwave resonator is formed by a section of 50 ohm line (4), to 
one side of which the IMPATT diode is connected, while the elements for capaci- 
tive coupling to the load (5) and the impedance transformer (6) which matches the 
input impedance of the 50 ohm load line of the circulator to the diode impedance 
is connected to the other side. The coupling to the synchronizing signal source 
and the load is accomplished through the input and output 50 ohm line of the circu- 
lator. Bias voltage is fed to the diode through a low pass filter, formed by 
elements (7 and 8) with stabilizing resistance (9). The circuit is tuned and 
adjusted by means of the regulating loops (10). 


Examples of structural designs of coaxial resonators with several tuning elements 
in the form of movable quarter-wave transformers and short-circuited loops [9] are 
shown in Figure 19.10f. The use of additional control elements makes it possible 
to obtain several resonances in the microwave circuit of the diode, the natural 
frequencies of which fall in a definite ratio, for example, 1:2 and for this 
reason, such structures can be used to increase the diode efficiency either in an 
IMPATT mode or when exciting oscillations in a TRAPATT mode. 


The structure of an IMPATT diode oscillator with a stabilizing network [10] is 
shown in Figure 19.lla, b. Here, the stabilizing resonator (1) which is also 
simultaneously the load resonator, is formed by a section of rectangular waveguide 
inclosed between the shorting wall (2) and inductive stop (3), through which 
coupling to the load is accomplished. The IMPATT diode (4) is inserted in coaxial 
line (5) which is coupled to the resonator through the coupling hole in the short- 
circuiting wall. The matched load (6) which is used as a ballast resistor is 
inserted at the other end of the coaxial line. If the impedance introduced into 
the coaxial line from the resonator is represented as the impedance of a series 

LC circuit with a load resistance Ry, then the equivalent circuit of the oscilla- 
tor can be represented as shown in Figure 19.llc. As can be seen from this figure, 
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Figure 19.11. Structural design of an IMPATT diode oscillator 
, with a stabilizing network and its equivalent circuit. 


the circuit matches that shown in Figure 19.9 if the LC network is treated as a 
stabilizing and load network simultaneously. 


Such a structure can be used as the major component in the structural design of a 
multiple diode output amplifier module using power addition. 


19.5. Principles of Design Calculations of IMPATT Diode Microwave Devices 


The goal of the design is to obtain a specified output power Py at the working 
frequency fg. We shall analyze the dependence of the power delivered by the p-n 
junction of an IMPATT diode on the DC and AC currents flowing through the junction. 
By employing the theoretical relationship for the negative resistance of the p-n 
junction as a function of the amplitude of the current flowing through it [1] 
(19.15) and (19.16), we determine the approximation parameters q and c from 
the condition for a satisfactory approximation of the function $(I_) in the range 
of large amplitudes (Im > I,). We define the parameter q as the value of (Im) 
when Im = Ix + Ig (Ip/Ix = 1 + 82). The parameters q and c depend on the 
quantity ®2 and are quite well approximated by functions of the form: 


q= 0,8 (1 — pf); c= 0,9 ++ 3'(84)*. (19.24) 


We determine the power delivered by the p-n junction, taking (19.15) and (19.16) 
into account, as: 
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P,=0,518|Rp-n(0) |(9—cla). (19.25) 


An optimal value of the current amplitude I, = Im opt corresponds to the maximum 
value of this power, Pq max, where we determine this optimal current amplitude by 
differentiating (19.25) with respect to Im and equating the derivative to zero: 


Im opt = V q/2e (19.26) 
By substituting the value found for I, opt in (19.25), we find the maximum power: 


ey (19.27) 
Pamax == 0,125 |.Ro-n (0) [q/c. 


Expressions (19.25), (19.27) and (19.1) are justified with the assumption that 
avalanche breakdown occurs simultaneously and uniformly over the entire area of 

the p-n junction, something which is valid only for ideally uniform p-n junctions. 
As a rule, actual diodes are not absolutely uniform. Nonuniform breakdown leads to 
nonuniformity in the current distribution over the area of the p-n junction, 
because of which, it is as if a portion of the area is cut off, which leads to a 
reduction in the current flowing in the diode circuit and its output power. 


It is rather difficult to take the actual current distribution over the p-n junc- 
tion area into account, and for this reason, the integral effect of the inhomo- 
geneity of a p-n junction can be taken into account iff the concept of the effec- 
tive or acting area of the p-n junction is introduced, defining it as: 


s, = s/n S, = Sin, (19.28) 


where the coefficient n depends on the degree of nonuniformity of the p-n 
junction and can be determined based on a comparison of the experimental and theo- 
retical values of the negative resistance and the maximum diode output power; n = 
= 1.8 to 2.7 for 3 cm band silicon mesa structures. 


Taking (19.28) into account and substituting the expressions for the p-n junction 
negative resistance (19.1) and the approximating function (19.24) into (19.27), 
we derive an expression for the maximum value of the diode output power: 


A _ BIB) (19.29) 
n 0,9-+3(f%)* * 


Pymax = 


where 


: 1 1—cos 8 
A=0,08 oc.|C~SttS~S . 
- 361 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


. It follows from (19.29) that an optimal value of the parameter Boot = 0.325 or an 
optimum value of the direct current Ig opt = 0.325 corresponds to the maximum 
delivered power. For IMPATT diodes which are known at the present time, as a rule, 
19 opt exceeds the maximum permissible current Ig per, and therefore, the power 

Pa max is limited in practice by the permissible thermal operating conditions of a 
diode. 


For Ig < Ig per» the dependence of the output power on the direct current is close 
to a linear dunction: 


; p = kI (19.30) 


d max 0 Pamax © Ro, \ 


where the coefficient k = 4.4 W/A for a 2A706 type diode. 


The range of frequencies where the power does not fall below an indicated level, 
for example, 100 mW for a 2A706A diode, is usually indicated in the data sheet. 
but = % In this case, the power delivered by the diode may also be greater in the center 
of the working band. We will note that the use of a diode is permitted in a wider 
range of frequencies, however, the data sheet value of the output power is not 
guaranteed in this case. 


For a diode with set parameters (A = const.), by solving equation (19.29) one can 
determine the parameter 82, and consequently, the direct current Io needed to 
obtain the specified diode output power: 


| (1 VIER aD 
: = 2 (30+ 1) (19.31) 


where ae keeage 
a= Py max tlA. 

It follows from (19.31) that the maximum value of the parameter a is limited 

by the condition a < 0.18, which is physically explained by the limitation on the 
maximum output power which can be obtained per unit area of the IMPATT diode p-n 


junction. 


In the presence of losses in the external microwave circuit, the power dissipated 
in the load is: 


Pl oad 7 Py= Py max Tm (19.32) 


where n, is the resonant circuit efficiency (the efficiency of the external 
microwave circuit). 
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An optimal value of the p-n junction resistance corresponds to the maximum power 
level produced by the p-n junction, where this resistance is defined as follows for 
Im = Im opt taking (19.28), (19.15) and (19.16) into account: 


Rp-nopt = Rp-n(0) ng/2. (19.33) 


Since the amplitude balance condition (19.23a) must be met in the steady-state 
self-excited oscillation mode, a definite load resistance corresponds to the maxi- 
mum value of Pg max, where this resistance is transformed to the "terminals" of the 
p-n junction: 


Bisad opt = Ro-n opt Ru opt =Ro-n wat. (19 .34) 


In the case of known diode package parameters Ly, Cy and Rg, this resistance can 
always be referenced to the diode input terminals (19.5). Thus, in an osicllating 
mode, the load resistance governs the amplitude of the current flowing through 

the p-n junction, and is chosen so as to assure a maximum diode output power for a 
specified supply current IQ. 


In this case, since the negative resistance of an IMPATT diode p-n junction is 
rather low (approximately 10 ohms), while the load resistance also includes the 
diode loss resistance Rg (a few ohms), the attainable microwave circuit efficiency 
is usually low: 


ne £0-5 -- 0.6 te < 0,5 ...0,6. (19.35) 


The reactance of the external microwave circuit Xy [Xjoagq], transformed to the 
"terminals" of the p-n junction, is determined from the phase balance condition 
at the working frequency (19.23b). 


The quantity Xp-n (or Xg) in the operating mode is determined by relationships 
(19.2) - (19.45 and (19.6) for a specified supply current of I9 = const. 


When designing an IMPATT diode oscillator, the working frequency fo and the 
requisite power Pjoaq are usually specified. Based on the relationships given 
here, the following design procedure can be recommended for an oscillator: 


1. We select a diode for which the output power at the specified frequency is 
greater than (or equal to) the requisite value Py [Pjoaq]. We determine the 
characteristic current I, (19.14) at the specified frequency. 

2. We determine the power delivered by the diode using formula (19.32), specifying 


the efficiency of the external microwave circuit, n,, based on relationship 
(19.35). 
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3. We determine the value of the parameter 82 needed to obtain the requisite power 
Pq max and the diode direct current Ig based on expressions (19.31) and (19.10). 


If the diode operating current Ig is specified (for example, it is indicated for 
the individual diode package), then the value of 8% can be determined from formula 
(19.10). Usually, the value of the current corresponding to a definite indicated 
input power Py max is indicated on the data sheet. The current corresponding to 
any other value of the output power, PH < Py max, is determined by relationship 
(19.30), where the coefficient k is found for the indicated values of Ig and 


PH max: 


. We ‘determine the maximum permissible diode current Ig per (19.12) for the given 
“ temperature To, taking (19.13) into account, and we check for the condition that 


Io < 10 per: 


We determine the resistive component of the load impedance Ry using formulas 
(19.34), (19.33), (19.28), (19.24) and (19.1). 


5. We determine the reactive component of the load impedance Xy from formulas 
(19.23) and (19.2). 


6. We select the circuit configuration and structural design of the oscillator and 
calculate the geometric dimensions of the oscillator microwave circuit components 
for the known values of Ry, Xy and the diode package parameters Ly, Ch and Rg. 


The design of an IMPATT diode amplifier coincides in many respects with the design 
of an oscillator. We shall consider the specific the specific features of the 
design calculations for a reflective type of IMPATT diode amplifier, in which the 
resonator containing the IMPATT diode is coupled to the input microwave signal 
source and the load by means of a ferrite circulator as shown in Figure 19.12. If 
the diode inserted in the resonator has a negative resistance, then the input 
resistance of the resonator, which is the load on the line connecting the resonator 
to the circulator is negative at the section a-a. In this case, the power of the 
wave reflectéd from the resonator input exceeds the power of the incident wave, 
which is equal to the power of the input signal source Pin, by an amount Py, which 
is equal to the power delivered by the diode (without taking resonator. losses 

into account). In the absence of losses in the line connecting the resonator to 
the circulator, and in the circulator, the power dissipated in the load, Py, is 
equal to the power of the reflectéd wave, and consequently: 


+P = Py = Pax t Py. (19. 36) 


The power gain is the ratio: 


P Pax 4-P P | 
Kp = -athe se SPEEA os], (19.37) 
OP Pa Bs 
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Figure 19.12. A reflective type IMPATT 
diode amplifier. 


Key: 1. Pincident: 
2. Preflected: 





or, since the input signal source and the load are matched to the circulator: 


Kea = (1 rS 
nay f 





Za? . ; (19.38) 
Za-tP 


Here PoTp and Prag are the reflected and incident wave power; Tg is the coefficient 
of reflection from the resonator input (at the section a-a); Zq is the resonator 
input impedance; p is the characteristic impedance of the circulator input line. 


If we neglect the losses in the resonator, then the power dissipated at the 
resonator input is equal to the power delivered by the diode: 


7 PP (19.39) 


and the reflection factor from the resonator input is equal to the reflection 
factor from the diode (at section b-b): : 


r,= Dy, = (24 —2,)/(Z, -+ Za), (19.40) 


where zy is the impedance of the external circuit connected to the diode. 


Taking (19.40) into account, we represent expression (19.38) in the form: 


(Ru-bey)*4-j (Xn+Xp)? 





From this we derive the following for the resonant frequency when the condition 
Xload + Xq = 9: 








hee Ru—tn *=|+te ( 
ro=| Ru-+tn t—a }” (19.41) 
where a = -rg/Rioag is the regeneration coefficient. . (19.42) 
a = —ti Ru 
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When operating as an amplifier, the amplitude of the alternating current flowing 
through the p-n junction, for a specified load resistance, increases with an 
increase in the input signal power. In this case, since the diode resistance 
decreases with an increase in the amplitude of the current, then the gain decreases 
with an increase in the input signal power, as follows from (19.41). The power 
delivered by the diode expressed as a function of the input signal power has a 
maximum at a certain value Pin = Pin opt ‘corresponding to the optimum value of the 
current amplitude Im = Im opt (19.26) 


To obtain the maximum output power, the amplifier operating conditions are chosen 
so that Pin = Pin opt. In this case, the power delivered by the diode does not 
depend on the load resistance, as follows from (19.27), and this resistance is 


determined from the condition for assuring the necessary gain at the requisite 
output power. 


The gain corresponding to the maximum output power is determined by the following 
expzession based on (19.41), (19.42), (19.33), (19.28), (19.24) and (19.1): 


2 1-1-0.5 Kk... —_05 
Kin] ERY Re 80, 19.43) 
(1—0,59) VW Kpo +-(1 +-0,59) 


where 
where Kpp is the small signal gain, defined by relationship (19.41) for low input 
signal power levels (Pin << Pg max)- 


It follows from (19.43) that the operating gain of an amplifier (the mode corres- 
ponding to the maximum output power) is always less than the small signal value 

and increases with an increase in the latter. When selecting the small signal 
gain, it is necessary to take into account the fact that to assure amplifier stabi- 
lity under actual operating conditions, the following condition should be met: 


Kyo < 20 4B “Kpo <20 ab. (19.44) 


We derive the expression for the power of the input signal source and the power 
dissipated in the load resistance in the maximum output power output mode taking 
(19.39), (19.34) and (19.37) into account: 


. 19.45 
Pax opt = Px max/(K opt— 1), : 


Py opt = Pamax Ke opt/(Kp opt—}). (19.46) 


When designing an amplifier, just as an oscillator, the values of fg and Pload 
are usually specified. The following design procedure can be recommended for an 
amplifier in a maximum power output mode based on the relationships given above. 
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1. Assuming Kp opt >> 1 and taking Pload opt = Pd max based on (19.46), we select 
a diode which assures the requisite output power at the specified frequency and 
determine its characteristic current Ix, employing expression (19.14). 


2. We determine the parameters 82 and q from formlas (19.31) and (19.24) as well 
as the value of the diode direct current Io from formula (19.10). 


3. Having specified the value of Kp0Q in accordance with expression (19.44), we 
determine Kp opt from formula (19.43) as well as the input signal power Popt and 
the power dissipated in the load, Pload opt from formulas (19.45), (19.46), 
(19.4) and (19.27). 


4. We determine the resistive component of the load impedance Rload from formulas 
(19.42), (19.41), (19.33), (19.28), (19.24), (19.5) and (19.1). 


5, We determine the reactive component of the load impedance Xioad from formulas 
(19.23a), (19.6) and (19.2). 


6. We calculate the structural design parameters of the microwave network from 
the specified values of the load impedance. 
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MICROWAVE HARDWARE 


SECTION IV 


Chapter 20. THE STRUCTURAL DESIGN OF MICROWAVE HYBRID INTEGRATED CIRCUIT 


COMPONENTS 


20.1. General Information 


Elements with lumped parameters, inductance coils and capacitors as well as with 
distributed parameters, in the form of sections of unbalanced strip transmission 
lines are used in the microwave band in hybrid integrated circuits (GIS) at 


frequencies above 300 MHz. 


The use of elements with lumped parameters in hybrid IC's became possible because 
of the success of modern film technology which makes it possible to assure a 
high resolution when applying very narrow conducting strips on a dielectric 


substrate. 
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Figure 20.1. The Q of the components of 
microwave circuits as a 
function of frequency. 


1. C=1 pFd (plate capa- 
citor); 

2. Stripline elements; 

3. C= 1 pFd (film); 

4, L = 1.1 nBy (small 
strips) ; 

5. L = 4.3 nly (spiral). 


Key: 


Inductance coils and capacitors have 

the properties of elements with lumped 
parameters if their geometric dimensions 
are small as compared to the working 
wavelength \4: approximately 0.05 to 
0.01 A [1, 3]. If this condition is met, 
then the well known procedure and for- 
mulas for design calculations of coils 
and capacitors operating at lower fre- 
quencies can be used in the calculation 
of the inductance of coils and the 
capacitance of capacitors. 


Planar printed circuit inductance coils 
of various shapes and capacitors in the 
form of plate (three-layer) or comb 
(single-layer) structures are usually 
employed in hybrid IC's using microwave 
components with lumped parameters. 
Ready-made outboard capacitors, for 
example, miniature noninductive K10-42 
capacitors, are rather widely used in 
hybrid IC's. 


The Q of flat inductance coils at fre- 
quencies of from 1 to 8 GHz amounts to 


50 to 100, while it is 100 to 600 for film capacitors, which is altogether 
sufficient for any circuits of practical devices, for example, transistor micro- 


wave amplifiers and oscillators. 


However, the technological difficulties in 


the fabrication of the elements increase with an increase in frequency and the 
losses in the elements also increase where these losses are due to the small 


_gurface of the conductors. 
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Figure 20.2. The hybrid integrated circuit for a decimeter band, 
two stage transistor power amplifier (3, 6, K are the 
connection points for the leads of transistors T, and T9 
{the emitter, base and collector leads respectively]). 


et 


Figure 20.3. The circuit board struc- 
ture of a transistor power 
amplifier (P 
f = GHz). 


Figure 20.4. The hybrid integrated 
circuit of a transistor, 
out = 4 watts; decimeter band power 
amplifier (P,,; is 7 to 
9 watts). 





Figure 20.5. The circuit board structure of a power amplifier using 


two transistors with power adding in the output circuit. 
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Sections of an asymmetrical strip transmission line - so-called stripline ele- 
ments - are the most widespread microwave components of hybrid IC's. Their 
major advantages are the rather simple structural design and reliability. The 
substrates of stripline elements usually have a high relative dielectric permit- 
tivity (ec > 7). Such elements have been given the name of microstripline ele- 
ments. 


Microwave elements using asymmetrical striplines at frequencies of from 1 to 10 
GHz have a Q of 100 to 400. Curves for the Q are shown in Figure 20.1 as a 
function of frequency for stripline elements and elements with lumped parameters. 
The graphs show that at frequencies above 3 to 5 GHz, the Q of stripline elements 
is higher than the Q of elements with lumped parameters. 


When designing hybrid IC's, the choice of elements with lumped parameters or 

stripline elements depends on the requisite electrical and structural design 

characteristics of the hybrid IC's. Combinations of the various elements are 
frequently used in practical microwave circuits. 


The fine tuning of hybrid IC's entails considerable technological difficulties. 
For this reason, it is extremely important in the design of hybrid IC's to 
execute the structural design calculations of the elements with the least error 
so as to almost completely preclude substantial adjustments to the fabricated 
circuitry. Examples of hybrid IC's using microwave power transistors are shown 
in Figures 20.2--20.5. 


20.2. The Asymmetrical Transmission Stripline 


In the fabrication of printed circuits with asymmetrical strip transmission lines, 
the conducting strips and the metallized surface are made on opposite sides of 
the dielectric substrate (Figure 20.6). 


A mode close to the T mode propagates in an asymmetrical stripline. Since the 
dielectric permittivity of the substrate is usually rather high, then the field 
of the mode propagating along the line is primarily concentrated in the dielec- 
tric under the conducting strip. The edge field which occurs during the 
propagation of the wave in the line where this field is due to the finite 
width w of the conducting strip, is partially in the air medium above the 
dielectric. The presence of this field leads to radiation power losses and the 
création of parasitic coupling between the conducting striplines forming the 
circuit of the microwave device. It is recommended [1] that the conducting 
strips be spaced a distance apart equal to three times the thickness of the 
dielectric substrate to attenuate this coupling. 


To reduce the losses to radiation and eliminate the influence of the line radia- 
tion field on the operation of adjacent microwave units, a device using asymmet- 
rical striplines is frequently housed in a closed metal package, which plays 

the part of a shield. The presence of a shield can exert a marked influence on 

the operational conditions of a stripline, leading to a change in the wavelength 
in the line and to the excitation of higher modes in it. In particular, a 

group of surface waves is excited in a stripline having a substrate made of a 
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material with a high relative dielec- 
tric permittivity «. The critical fre- 
quency of a low order surface mode [1] 
is: 





? Figure 20.6. Cross-seccrion through an 
asymmetrical strip trans- 
mission line. 


for [GHz] = 


=ol4h Vel =75/h\/e—1, (20-1) 
Key: 1. Conducting strip; ap (Tu) = cf hVe (el 


2. Dielectric substrate; where c = 3 > 1011 mm/sec is the speed 
3. Metalized surface. of light in free space; h is the sub- 
S soe strate thickness in m. 


¥Exp 
3 ont = The substrate thickness for which a sur- 
fs face wave appears at the working fre- 
2 e quency f can be determined from formula 
. , Z5 (20.1): 
7 02 O44 G80 2 & aes 
, : oe Anax = T5/fVe—1. (20.2) 
Figure 20.7. The relative effective 

dielectric permittivity In order to prevent operation close to 
as a function of the the critical frequency, the substrate 
ratio w/h for various thickness of a stripline should be less 
values of e. than h.y- 


The influence of a shield on the operation of an asymmetrical stripline can be 
reduced by selecting the distance from the stripline to the walls of the shield. © 
Thus, the shield height H above a stripline should be considerably greater than 
the substrate thickness. For a line where e > 7, it is recommended that H > 
6...10h [014]. The side walls of a shield should be spaced from the edges of 

wi the stripline at a distance at least equal to 3h. 


When a nondispersive wave close to a T mode propagates in an asymmetrical strip- 
line, the wavelength in the line is [2]: 


A #4 Ao/Veare- ALY ol V fag > (20.3) 


where Ao is the wavelength in free space; eg¢¢ is the relative effective dielec- 
tric permittivity. The quantity e.,¢¢ depends on the ratio a/h, the dielectric 
permittivity of the substrate material ¢, the configuration of the boundary 
between the air (e = 1) and the dielectric (e€ > 1) media and can be calculated 
from the approximate formula [3]: 


eo = 0,5 (+ 1) + 0,5 (e—1) (1 + 10h/w)—2., (20.4) 


Based on the estimate given in the literature [2], the error in calculating 

- Veag¢¢ using formula (20.4) amounts to + 1%. Curves for VE orf are shown in 
” pure 20.7 as a function of w/h for various values of the relative dielectric 
permittivity of the substrate material. 
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When designing hybrid IC's using asymmetrical striplines, the quantity veo¢e 
serves aS a measure of the decrease in the geometric dimensions of the conducting 
stripline. Thus, when the electrical length of a line section ¢ = 2m1/ro = 
2ni,/d is kept constant, the length 1, of a stripline segment with a substrate 
made of a dielectric where e« > 1 falls off by a factor Ve,¢-¢ times as compared 

to the length 1 of the line section with an air dielectric (e = 1): 


1, = l/veegs te== UV en (20.5) 


The characteristic impedance of an 
asymmetrical stripline can be calculated 
as follows [2]: ; 


p= pelV ey (20.6) 


Here, Pg is the characteristic impedance 
of a stripline where e« = 1, in ohms. 
For w/h < 1: 


M% = 60 In (8h/w -|- w/4h), (20.7) 


while for w/h > 1: 





2S 120s 
: oi ane ieee 
QI 02 G4 O8M0 2 4 ufb 
The error in calculating pg using these 
Figure 20.8. The characteristic imped- formulas amounts to + 0.25% when w/h = 
ance of an asymmetrical 0...10 and + 1% when w/h > 10 [2]. 
stripline as a function 
of the ratio w/h for Curves for the characteristic impedance 
various values of ec. p are shown in Figure 20.8 as a function 
of w/h for various values of the relative 
dielectric permittivity of the substrate, where these curves were calculated in 
accordance with formula (20.6), using formulas (20.4), (20.7) and (20.8). It 
was assumed in the calculations that the thickness of the conducting strip was 
t = 0. In reality, t is a finite quantity. It is sufficient in practical cases 
for the thickness t to be 3 to 5 times greater than the penetration depth A 
(A is the distance from the conductor surface at which the amplitude of the 
current density falls off by a factor of e = 2.718 times). The values of A for 
various metals are given in Table 20.1, where the major characteristics of the 
conductors are also shown. When w/h > 0.1, this thickness has little influence 
on the characteristic impedance of a line, and for this reason, one can assume 
t ~ 0 when computing it. 


The characteristic impedance of an asymmetrical stripline (if it is not specified 
in the design plan) is frequently chosen equal to 50 ohms for convenience in 
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TABLE 20.1. 
iit eae et 
Mareypuan a, 10? Cum A, 10°; f, Ray. 10-777 ahr at Anreaua 

(Doprnannna | % oe 0) ca adhesion 
6 2,5 21 Tluoxan Poor 
5 2,6 18 Ouch naoxans Yery poor 
4 3 15 Ta xe The same 
3 3,3 26 IInoxan Poor 
] 4,7 4,6 Xopowaa Good 
J 4,7 6 >» w 
1 55.0 15 » 
0, 7,2 9 Oueith xopomaa Very good 
0 7,2 6,6 Ta *e The game 


Note: f is the frequency in Hz, 


Key: 1. Conductor material; 1 
2. Thermal coefficient of expansion, 107-6 °c™ 


[Conductivity o, 10’ mho/m]. 


connecting the line to radiofrequency connectors and individual microwave units. 

The use of line sections having a high characteristic impedance, and this means 

| with very narrow conducting strips, is not desirable because of the technological 

difficulties in their fabrication and the increase in the attenuation in the 
line. 


The attenuation in an asymmetrical stripline, o (in dB per unit of length) is 
composed of the attenuation due to power losses in the conductor at radiofre- 
quencies a,, in the dielectric ag and the losses to radiation a;gq. The attenua- 
tion in a conductor, assuming that the radiofrequency current flows primarily 

in a surface layer of thickness A, can be approximately determined from formula 
[014, 3]: 


Oty,  8,68R 1/9, (20.9) 


while the attenuation in the dielectric is: 
ag ~ 2,73 Ve At 8. (20.10) 


Here, Rj, is the specific surface resistance of the current conducting layer in 
ohms per unit area; tanéd is the dielectric loss angle tangent. 


It is difficult to estimate the attenuation in a line due to radiation and it is 
frequently determined experimentally. 


In asymmetrical striplines where e€ > 7 and with low losses, the major source of 
attenuation is the losses a,. An analysis of formula (20.9) shows that to 
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reduce the losses in a line, one must choose sufficiently thick substrates and 
wide conducting strips. However, the thickness h in this case should not come 
close to h,,,- Moreover, increasing h and w leads to an increase in the line 
dimensions, something which is undesirable in the structural design of hybrid 
IC's, To reduce the impact of the thickness of a conducting strip on the 
value of a,, it is recommended that t be chosen equal to or greater than 3A to 
5A. 


TABLE 20.2. 





Substrate & | (eb (1) Pee 
Mavens mn mmm Koadptent renatia. | TRIP, to { 
HOMO KEN Mpononuectite 1-3 
Material flO Tin, f= 20°C pseu 8) the ie 
Polikor floankop 9,19...9,8 1-10-4 25...2 ae, 
Sapphire Combi toa 1-10-74 ra i 
Sapph. sate Campuput 9,3...10,1 1-10-¢ 2t...25 i" 
Bier 2OXC 0.2...9-4 10-104 13,4 60 
9,5... 0,5...1,2)-10- 4 Abo z32! i 
Brokerit [ipoxeput 6,4...6,6 (2...5)- ee ‘ roe i 
ST32—1 CY32-1 i0 (3...5)-10-4 1,045 +19 
CT38-1 7,25...7,5 (2...10)-10~4 1,31...1,4 38 
CT50-1 8,2 3510-4 31,5° 50 
FLAN-2,8 JIAH2,8 2,8 15-10-4 350 
5 ONIALI7,2 7.9 15-10-4 490 
OJIAHLO 10 15.10-4 350 
OJIAHIG 16 15.10-4 250 
enna nn nn en ene ce ey eimai eta innit 


Key: 1. Coefficient of thermal conductivity, 1073 W/(mm + °C); 
2. Thermal coefficient of linear expansion, 107’ °C™. 


When applying a conducting stripline to a dielectric substrate, the adhesion of 
— the metal to the dielectric is taken into account. Because of the fact that 
copper, aluminum, gold and silver, which have a poor adhesion (see Table 20.1) 
are most frequently used for the conductors, a thin film of metal having a 
high specific resistance is initially applied to the dielectric substrate to 
improve the adhesion. The presence of such a film (sublayer) of thickness tj, 
which is comparable to the penetration depth A, in this film, leads to an 
increase in the radiofrequency resistance in the conducting strip. If ty << Ay 
(ty/dy < 0.2), which is typical of many asymmetrical stripline structures, then 
the sublayer introduces neglectably low losses. 


To reduce the losses in microwave elements using asymmetrical striplines, 
materials are to be used for the conductors which have a sufficiently low 

specific surface resistance (see Table 20.1) and dielectrics with low losses and 
good thermal conductivity (see Table 20.2). The Q of such elements at frequencies 
of 1 to 10 GHz, without taking radiation losses into account, amounts to 100 to 


400. 


The permissible DC current density, jo per» in a conducting stripline is deter- 
mined by the thermal mode of the microwave circuit elements of the amplifier/ 
oscillator. During the design work, the following condition must be met: jo per 
> Jo op? where jo op is the DC current density in the conducting stripline in 
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TABLE 20.3. 


Method of Fabricating the Permissible Direct Current Density A/mm 
Conducting Strip Sitall Ceramic 

Vacuum depostion | 30 200 

Electrolytic build-up 30 200 

Foil application 50 400 


a NT 


[Sitall: ceramic glass similar to pyroceram] 


the operating mode. The value of Jp ,,, depends on the substrate material and 
the method of fabricating the line. Th order to increase j er» materials are 
to be used fcr the substrates which have sufficiently good thermal conductivity. 
Some approximate data on the permissible DC current density, jo per? are given 
in Table 20.3 and in the literature [6]. 


20.3. Printed Circuit Inductance Coils 


When designing microwave networks around elements with lumped parameters, the 
requisite inductances of the circuits can be obtained using sections of metal 
strips with a rectangular cross-section: so-called strip single turn inductance 
coils (Figure 20.9) or strips bent in the shape of a meander (Figure 20.10) and 
in the shape of a spiral (Figure 20. ae 


ie <a 


- 






= 


6) (b) gy ke) 


Figure 20.9. Stripline inductance coils. 


PX) 


Figure 20.10. A meander type inductance Figure 20.11. Spiral coil. 
coil. 


Stripline single turn inductance coils (Figure 20. 9b) have inductances from 0.5 

to 4 nanohenries [1]. Flat spiral coils provide for greater inductances (up to 
100 nly), where square spiral coils (Figure 20.11b) make it possible to obtain 

a greater inductance than in the case of circular coils (Figure 20.1la) for a 
specified area of the coils on a printed circuit board. The inductance of a 

coil in the shape of a meander (Figure 20.10) reaches 100 nHy. However, parasitic 
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resonances are observed in these coils at frequencies substantially higher than 
the working frequency because of the linear sections s and b of a coil, which 
at high frequencies then behave as line sections with distributed parameters. 


The Q of stripline single turn and spiral coils at frequencies above 1 GHz 

amounts to 50-~100 (see Figure 20.1). Spiral inductance coils have a higher Q 
than single turn coils, but also a greater interturn capacitance. The Q of 

coils for a fixed inductance value increases in proportion to vE up to frequencies 
of 5 to 6 GHz, and then falls off with an increase in frequency. 


The inductance and Q of a coil depend on its geometric dimensions, as well as 

on the presence of metallization on the bottom side of the dielectric substrate, 
even when the metallized side of the dielectric substrate is a considerable 
distance from the plane of the coil. To preclude the influence of the metalli- 
zation on coil inductance, the spacing to the metallized surface under the coil 
for ‘a substrate with ¢ = 10 should exceed the width of the coil conductor w by 

a factor of more than 20 times [1]. In those practical cases where this require- 
ment is not met for technological reasons, the calculation of coil inductance 
must be made taking into account the presence of the metallized surface. Metalli- 
zation in the same plane that the inductance coil is in has little impact on 

its inductance, and it is sufficient in practice to make the distance from the 
coil to the adjacent metallized layer equal to 5 times the width of the coil 
conductor [1]. 

As a result of calculating a coil for 

a specified inductance, it is necessary 

to select its geometric dimensions such 
that they permit obtaining the requisite 
inductance and which are technologically 
convenient to realize. 


Design Calculations of Coil Inductance. 
Formulas are given in Table 20.4 for 
calculating the inductance L or the per 





G2 unit length inductance L, of coils, t.+ 
i 2 4 6 ai shape and designation of the dimensions 
u 20 i of which are given in Figures 20.9 - 
20.11. 
Figure 20.12. The per unit length 
inductance Lj as a The curves for the per unit length induc- 
function of the ratio tance Lj are shown in Figure 20.12 as a 
1/w for a single turn function of the ratio 1/w when t = 0 for 


inductance coil without a single turn coil, calculated using the 
taking the strip thick- formula given in Table 20.4. Values of 
ness into account. the coefficients C, used in the calcula- 
tion of the inductance of meander type 
coils are given in Table 20.5. The error 
in the determination of the inductances 
for these coils on the order of tens of 


nanohenries amounts to + 2%, while it runs up to 6% for inductances of about 
80 to 100 niy. 


Key: 1. Ly, nHy/mm; 
2. Lower scale; 
3. Upper scale. 
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Coil Shape Deaign Formula Length SP toil 
Single turn | ; Conductor 
Ly =0.2(In j-1,193 4- 
Oqnoautkonast wt ! aL 
(puc. 20.9, @, 6) anae Whe ly 
Fig. 20.9a, hb. “1-0,2255 ——— 
Bh 1 f(/w\ 
(),2} In -— -—- — {—] |, 
(1) | a ae ( h y 
[Ipamoyroavian es 22,t~0, 
HonocKka HAY MeTAs- A L 
aisuponannoit te] Ly + ' 0.628 l oo 
hepXHOCTEIO ae ae “4 
(pic. 20.9, @) w/2h-+-0,9 j-0,318 In (w/2h-|- 
oe, EMO 
-|-0,94) oA 
Meander L--0, lb (4n In 2a/w--Cy), 6 0, 
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All of the linear dimensions of the coils are expressed in millimeters; 


the inductance L is in nanohenries and the per unit length inductance L, 
is in nanohenries per millimeter. 


Key: 1. 


Rectangular strip above a metalized surface (Figure 20.9c); 


2. n is the number of elements of a meander line of length b; C, - see 
Table 20.5; 


ma Ww 


. A flat circular spiral (Figure 20.11a); 
. A flat square spiral (Figure 20.11b). 
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TABLE 20.5. 


Ca | 2,76 | 3,92 | 6,22 | 7,60 | 9,70 0,921.98 14,901,861. 20,36 











The determination of the geometric dimensions of flat spiral coils for a 
specified inductance L is made using successive approximations, in which certain 
geometric dimensions of the coil are specified based on structural design and 
production process considerations and the missing dimensions are determined using 
the formulas for L and D. For example, having specified the ratio D/d and using 
the formula for L, the number of turns n is determined. Then the conductor 

width w is chosen based on production process considerations and the requisite 
coil pitch s is found by using the formula for D. If it is convenient to realize 
this pitch, then the design calculation is terminated at this point. 


In order to be able to change the inductance of a coil, part of the coil conduc- 
tor is subdivided into sections having contact pads for the connection of tap 
conductors to them (Figure 20.11b). 


Design Calculations of the Q of an Inductance Coil. The quality factor of a coil 

Q = 2nfL/r for a specified frequency f and inductance L is determined by its 

resistance r, which reflects the actual radiofrequency power losses in the induc- 
2 tance coil. This resistance is composed of the coil conductor resistance for 

the radiofrequency current, r,, the resistance introduced by power losses in 

the dielectric substrate rg, the resistance introduced by radiation power losses, 

etc. It can be assumed in practice that in a properly designed typical structure, 

the power losses in a coil are determined primarily by the resistance Trp. In 

this case, the coil Q is: 


antl yq-0 Ani (ws 
Q — fati = I Ruy l 





(20.11) 


Here, k is a coefficient which takes into account the degree of nonuniformity in 
the current distribution at the edges of the conducting strip. The value of k 
is determined from the graph shown in Figure 20.13. 


Figure 20.13. The curves for the 

' coefficient k which takes 
148) -——~-lWw me into account the degree 
of nonuniformity of the 
current distribution at 
the edges of the conducting 
strip. 
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Expression (20.11) can be used to calculate flat inductance coils of various 
shapes made from a conductor in the form of a metal strip with a rectangular 
cross-section (Figure 20.9). 


The Q of a single turn coil (Figure 20.9) increases with an increase in the 
ratio w/1, while the per unit length inductance L, decreases. It is frequently 
desirable when structurally designing such a coil to obtain a sufficiently large 
value of Lj at a quality factor of Q > 50...100. For coils intended for opera- 
tion at frequencies up to a few gigahertz, this condition can be met when w/l = 
15...20. 


When designing spiral inductance coils, one must consider the fact that the 
increase in the conductor width w leads to an increase in the coil Q. If it is 
desirable that the external diameter of the coil D be rather small with a high 
value of the Q, then it is necessary to reduce the spacing between the turns. 
This leads to an increase in the interwinding capacitance of the coil. An 
analysis of the formulas for the Q of flat spiral coils shows that the maximum 
Q is obtained when D/d = 5. 


20.4. Capacitors 


Primarily film plate capacitors (Figure 20.14), capacitors formed by a short 
section of an asymmetrical stripline with a low characteristic impedance (Figure 
20.15), comb capacitors (Figure 20.16) and outboard miniature ceramic capacitors 
find applications in hybrid integrated circuit structures. 


To tune a circuit by means of varying the capacitance, a block of parallel low 
capacitance capacitors is made instead of a single capacitor of the requisite 
nominal value. A structural design of a tunable film capacitor is shown in 
Figure 20.14b. The upper plate is fabricated in the form of strips of different 
sizes, the resoldering of which makes it possible to change the capacitance of 
the capacitor [5]. 


Auancxmom Dielectric 


a 


tt 
tok * 


& 
OP FAO 
(ok eX 
MUIMENTIDOK 
a) ta 





‘| 
t Me. NII ] 
at “Dielectric 
4 (ce) 





Figure 20.14. Film plate capacitors. 
The typical structure of a film capacitor, which is siown in Figure 20.14c, takes 
the form of two metal plates, separated by a dielectric layer. The film capaci- 
tors have a weak external electromagnetic field, and for this reason, can be 
placed close to other microwave components. 
The capacitance of film capacitors used in microwave circuits at frequencies of 


up to about 2 GHz amounts from a few picofarads to hundreds of picofarads [4]. 
The Q of such capacitors changes depending on the nominal value and the quality 
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Figure 20.15. Capacitors formed by a Figure 20.16. A comb capacitor to 
section of an asymmetrical obtain a series capaci-~ 

stripline. tance in a microwave 


Key: a. With a fixed capaci- circuit. 


tance; 

b. With a variable capa- 
citance (only the 
conducting strip is 
shown). 


of the materials of the conductor and dielectric. To reduce losses in a capaci- 
tor, metals with a low specific surface resistivity (see Table 20.1) and a low 
loss dielectric are used for the plates. Aluminum is most frequently used for 
the plates of capacitors. The dielectrics of film capacitors, besides a small 
loss angle tangent, should have a high relative dielectric permittivity and 
electrical strength. Silicon monoxide is most frequently used in the fabrication 
of film capacitors (see Table 20.6). 


A gap in a conducting strip (Figure 20.16a) produces a series capacitance in an 
asymmetrical stripline. To obtain a considerably capacitance (more than a few 
picofarads), the gap d should be quite small, something which is difficult to 

2 execute in practice. Greater capacitances (up to 10 to 20 pFd) can be obtained 
if a comb capacitor is used (Figure 20.16b). The capacitor formed by a gap in 
a strip is a special case of this. Another capacitor structure intended for 
creating a series capacitance in an asymmetrical stripline is shown in Figure 
20.14a. The capacitor takes the form of two short sections of a stripline conduc- 
tor which overlap lengthwise, where the sections are separated by a dielectric 
layer. The overlap area of the plates in such capacitor structures does not 
usually exceed 10 mm“. ° 


To create a capacitance which is connected in parallel to an asymmetrical strip-~ 
line, one can use a capacitor in the form of a short section of asymmetrical 
striplines (1 << 4) with a relatively low characteristic impedance (less than 

20 ohms) (Figure 20.15). The sectional structure of the capacitor shown in 
Figure 20.15b makes it possible to change its capacitance. 


Outboard miniature capacitors are convenient for applications in hybrid IC's 
intended for operation at frequencies up to a few gigahertz, since the fabrication 
of a circuit with such components does not require a complex technology. The 

Q of miniature outboard capacitors is sufficient for their use in microwave 
circuits of hybrid IC's in the indicated band. 


When designing capacitors, it is necessary to know the relationship of the 
capacitance of a capacitor to its geometric dimensions and the relative dielectric 
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= TABLE 20.6. 
sthwaei: | yi axe Eup: 108 
(1) sercavena | [MO MELRES Byam (3) 
SiO | 5...6 | 0,02..0.01 | 1...2 
SiO. b...4.2]0,007 0,05 3...5 
GeO | 0.12 0,005...0,01 p.s...0.8 
Al,Os | 8 | 0,003 8...10 
Key: 1. Capacitor dielectric; 


2. Tan 6 when f = 1 KHz; 


3. E {electrical strength], 
165 V/mm. 


permittivity of the dielectric used in 
its construction. A rigorous calculation 
of the capacitance of plate capacitors 
taking the edge effect into account is 
difficult, and for this reason, we shall 
limit ourselves to an approximate calcu- 
lation. 


Film Plate Capacitor (Figure 20.14c). 
The capacitance of a capacitor is deter- 
mined from the well known formula for 

a plate capacitor: 


C [pFd] = 


20.12 
C [n@] = 8,85 - 107" eS/d. ‘ 


Here, ¢ is the relative dielectric per- 
mittivity; S is the overlap area of the 
plates in mm2 ; d is the dielectric 
thickness in mm. 


Dielectrics with large values of e« are used and d is reduced to increase the 


capacitance of a capacitor. 


The minimum thickness dj, is determined by the 


permissible electrical strength of the dielectric. 






C, pFd 


ao foe 
0 20 WW 60 8 ne 


Figure 20.17. On the determination of 
the area of capacitor 
plates taking the edge 
effect into account. 


For normal operation of a capacitor, 
the thickness of its dielectric 
should satisfy the condition: 


d 2 dain = Uork/NEpr (20.13) 
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Figure 20.18. The capacitance of a comb 
capacitor as a function 
of the geometric dimen- 
sions. 


Here, Uyor, is the working voltage between the capacitor plates in volts; E,,+ 
is the electrical strength in V/mm; N is a safety factor, taken equal to 0.5-= 


0.7. 


When designing a capacitor, the dielectric material is chosen first (see Table 
20.6) and then the dielectric thickness d is determined from formula (20.13). 
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Then, working from the specified value of the capacitance, the requisite overlap 
area of the plates S is found from formula (20.12). Formula (20.12) yields a 
somewhat overstated value of $, since it does not take edge effects into account. 
Because of this, a correction is to introduced into the calculated value in 
accordance with the approximate graph shown in Figure 20.17, in which S, is the 
area taking the correction into account. 


It is recommended that the piates be made wide and short so as to reduce losses 
in the metal plates of a capacitor as well as losses to radiation. 


A Capacitor in the Form of a Short Section of Asymmetrical Stripline (Figure 
20.15a). The capacitance of such a capacitor can be calculated by working from 
_ the easily determined per unit length capacitance of an asymmetrical stripline: 


Cy [pFa/nm] = 3.33/eg¢¢/p Ca n/n] = 3,33’ exa/p. (20.14) 


For a specified capacitance of a capacitor C, the requisite length of a line 
section is 1 = C/C}. 


Comb Capacitor (Figure 20.16b). The capacitance of a capacitor formed by two 
"combs", arranged on a dielectric substrate (e > 1) can be computed from the 
approximate formula: 


-_ C [nd] ~ 3,6-10-8(e-+ 1) 1x 
‘ x 114. 1,9 3 (m—1) ( L\%?5 (_& 4388 
| (2mm — 1) (1-4/6) Pe i 7) (i |. (20.15) 


where m is the number of protruding lugs on one side of the capacitor; 1 is the 
length of a protruding lug in mm. The error in calculating a capacitance using 
formula (20.15) does not exceed + 5%. .An example of the capacitance plotted as 
a function of the geometric dimensions of a comb capacitor is shown in Figure 
20.18. 
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CHAPTER 21. MICROWAVE PHASING DEVICES (PHASE SHIFTERS) 


General Remarks 


The development of microwave engineering is tied to success in the development of 
bigh speed electrically controlled microwave devices. Thus, controlling the phase 
of microwave signals in antenna equipment is accomplished by means of phase shif- 
ters which are controlled by magnetic or electrical fields. 


A conditional classification of phase shifters which make it possible to continu- 

| ously or discretely change the ruase of microwave signals can he made using the 
following criteria: the operational principle and function; the permissible micro- 
wave power level (pulse, CW); the working frequency range (wavelength); the struc- 
tural design (waveguide, coaxial, stripline or microstripline, exe.). 


The following requirements are placed on the parameters of phase shifters {[l] a 
working bandwidth of no less than 5 to 15 percent of the carrier frequency; a 
pulsed transmission power of 5 to 220 KW and an average value of 5 to 50 W; a 
switching time of 0.1 to 100 ysec; losses of no more than 0.5 tu 1.5 dB and good 
matching (SWR < 1.5). 


Electrically controlled phase shifters can be designed using diverse controlled 
elements: semiconductor diodes with various structures (p-n, p-i-n and n~-i-p-i-n), 
ferrites, ferroelectrics, etc. [1-4]. This is due to the function of the phase 
shifters and the requirements placed on them: providing 1 high efficiency, high 
electrical strength, stability of the characteristics, low control power and suf- 
ficients operational speed. 


There are three methods of phase control: continuous (analog), digital and switched. 
In the first, the phase shift changes continuously. However, this method is dif- 
ficult to implement because of the necessity of supplying continuously changing 
contvol signals. Moreover, time and temperature instabilities exert a marked 
influence on the phase characteristics of the phase shifters. This deficiency is 
also preserved in the case of digital phase control, when a number of operating 
points are used on the operational characteristics of analog phase shifters, and 

: for this reason, the phase change takes place in a jump by an amount Aé (discrete 
step). The influence of instabilities is practically elimiuated in digitally 
switched phase shifters [010], the phase of the electromagnetic oscillations at the 
output of which can assume fixed values. The stability of such phase shifters is 
governed by the fact that the controlled elements (ferrite rings or semiconductor 
diodes) operate in a mode in which only the extreme regions of their operat ing 
characterist.ics are used. This makes it possible to ease the requirements placed 
on the time and temperature stability of the switchers of digitally switched phase 
shifters and the controllers, since the requisite phase shift is not governed by 
the value of the control voltage, but rather by its presence at particular 
switchers. 
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Various controlled elements can be used in the construction of phase shifters 
regardless of the manner of phase control. However, p-i-n diode phase shifters 
with a continuous phase variation which make use of the change in the conductance 
component of the diode admittance are of no interest because of the large conduc~ 
tance losses. For this reason, p-i-n diodes are used primarily for switched phase 
control, For example, by means of turning transmission line sections on or off 
which change the overall length of the channel. A characteristic feature of phase 
shifters with a continous phase change is the use of controlled veractors: elements 
3 with a controllable capacitance [3]. Ferrites are used both in phase shifters with 
a continuous phase change and in discretely switched phase shifters {2, 4]. 


The major parameters of an electrically controlled phase shifter are: the phase 
control range $pin--- ¢max; the losses introduced by the shifter L; the traveling 
wave ratio at the input (or the absolute value of the reflection factor I). 
Moreover, specific requirements can be imposed, for example, on the shape of the 

- phase-frequency response (its linearity). 


It is convenient to introduce a "phase shifter quality" parameter for the compara- 
tive evaluation of phase shifters: 


Ky [deg/dB] = 6/L Ka (rpan/aBl == 0/2. 


Digitally switched phase shifters are completely characterized by maximum phase 
shift values 6 and L as well as the smallest phase jump (discrete step). 


In phase shifters using ferrites, controlled by an external magnetic field, 
electromagnets must be used (in the majority of cases, of considerable size and 
weight), which have an operating speed of 10-6,.. 107 sec, something which limits: 
their application. In this respect, microwave phase shifters designed around 
semiconductor devices are more promising, in which the phase shift is controlled 
with the action of an electric field. For this reason, we shall consider the 
operational principle, major types and characteristics of semiconductor phase 
shifters, as well as the procedure for determining their major parameters. 


21.1. Semiconductor Phase Shifters 

The change in the input impedance of semiconductor devices with the action of a 
control voltage is used in semiconductor phase shifters. In this case, the semi- 
conductor device can be inserted in the channel in series or parallel, as shown in 


Figure 21.1, where Z and Y are the normalized impedance and admittance of the 
semiconductor device for a series and parallel configuration respectively: 


R,.xX , G.:;B 
Lo wee oe i -f- : = —— == I - b, 
So a ee Veron g-+jb (21.1) 
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where R = 1/G and X = 1/B are the resistive and reactive components of the imped- 


ance of the semiconductor device; Oy = 1/Yo is the characteristic impedance of the 
line in which the semiconductor device is inserted. 






inn O 


ben con 





a) (a) 


Figure 21.1. Schematic of the insertion of a semiconductor device 
in a line. 


a. Parallel; b. Series. 


The impedance of a semiconductor device can change with the action of the control 
voltage Ucon of the source (Figure 21.1). Decoupling the control circuits and 
transmission channel is accomplished by network Lpi and Cpy,. If the lower fre- 

= quency wy in the transmitted signal spectrum is considerably higher than the 
maximum frequency Qcon in the control voltagespectrum (which is usually the case), 
then the values of Lp, and Cb, are chosen from the relationship: 


een = | (21.2) 
0, Len > Po > 1/0, Coy: . 


If the frequencies uy and Neon are commensurate, then the control circuit and the 
transmission channel should be decoupled by a filter network with a cutoff fre- 
quency falling above Yeon and having an attenuation (i.e., a decoupling) no worse 
than the specified value at the frequency wy. In this sense, the network Lp, and 
Cp, which is shown in Figure 21.1 takes the form of a very simple low pass filter 
(FNCh) and can be designed not only by working from expression (21.2), but also 
using microwave filter theory. In this case, one can provide for the guaranteed 
decoupling during phase shifter operation within the frequency band and in many 
cases, reduce the dimensions of the circuit Lp and Cb1, by appropriately choosing 
the cutoff frequency of the low pass filter. 


Inserting the semiconductor device (a varactor or p-i-n diode) in the line causes 
both a reflection of a portion of the microwave power by virtue of the mismatch 
at the insertion point and its partial absorption in the semiconductor device 
(ohmic losses). 


Using wave transmission matrices, we write the resulting transmission matrix 
[t] for the circuit of Figure 21.1la: 
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(= Fe 2] =ttaltel~ : 
= has uaa y/2 - | 


~|—y/2 , (L—y/2) eH. +) (21.3) 


where [t,] and [t3] are the transmission matrices of line sections having an 
electrical length of $) 2 = 2m11,2/\line» where \jine is the working wavelength 
in the line; 1 is the geometric length of the line; [tz] is the transmission 
matrix of a four-pole network with an admittance y. The approximate sign in 
(21.3) is due to the fact that we neglected the losses in the line itself as well 


as the dimensions of the semiconductor device as compared to ). 


We determine the losses L introduced by the semiconductor device into the 
channel from expression (21.3): 


LPs Poe = b= Pox! Pouce = 10 le | far? 10 tg (1 +-0,5g)* + (0,50). (21.4) 
In this case, the absolute value of the reflection factor is: 
P=V ETO ETO). eat 


Similar expressions can also be derived for the circuit of Figure 21.1b; in this 
case, g is replaced with r and b is replaced with x. 


21.2. Semiconductor Phase Shifters with a Continuous Phase Change 


In phase shifters of this type, both the resistive and reactive components of the 
impedance of the semiconductor device change with the action of the controlling 
voltage. For varactors, the change in Ucon within the range of permissible values 
(with the p-n junction cut off) leads to a change in primarily the reactive compo~ 
nent of the impedance. In this case, the change occurs in a relatively narrow 
range and rather smoothly. This is responsible for the use of varactors primarily 
in phase shifters with a continuous phase change. At the same time, the resistive 
component of the impedance changes in p~i-n diodes with the action of Ucon in a 
wide range (changes in almost a jump), which limits their application in phase 
shifters with a continuous phase change. 


Semiconductor phase shifters with continuous phase change can be both transmissive 
and reflective types. 


A transmissive semiconductor phase shifter can be designed in the circuit config- 
urations of Figure 21.1. Ite operational principles consists in the fact that 
with a change in the capacitive susceptance (Figure 21.la), the electrical length 
of the line in which this susceptance is inserted also changes. Neglecting the 


- 386 - 
FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


resistive losses of the diode, one can write the following for the phase shift 
introduced by the phase shifter: 


De W, a arctg (b/2), @ = $9 + arctan(b/2) (21.6) 


where @) = ¢) + 99. -O, = D, + O,. 


For the circuit of Figure 21.1b, it is necessary to substitute .x for b in this 
expression. A drawback to this circuit is the fact that in the process of control- 
ling the phase, the phase shifter introduces considerable losses, which are caused 
by reflection from the controlled element [see (21.4)]. When g < 1, the reflec- 
tion losses in a single element phase shifter are substantially greater than the 
resistive losses. For this reason, the quality of a simple one element phase 
shifter is poor: Kg < 15 deg/dB. 

An improvement in the parameters of a phase shifter is achieved by introducing 
additional devices into the circuitry (two and four pole networks), as well as by 
increasing the number of controlled elements. 


A phase shifter circuit configuration with a compensating reactance is also pos- 
sible, where an equivalent inductance in the form of a short-circuited line section 
is inserted in parallel with the controlled capacitance C. This line section, 
ls.c., can cancel, at a particular frequency, either the initial value of the 
susceptance b, due to the minimum capacitance of the element (primarily the capaci- 
tance of the package, Cx), or the value of b corresponding to the average value 
of the controlled capacitance. In both cases, the result is an expansion of the 
phase control rauge without increasing the insertion losses L, something which 
leads to an increase in Ky. The length 1g,¢, is determined from the condition: 


w0/Y, = -cot(2ml, | /Ay se) = C/V = —celg (21th! da)s- 


where C is the controlled capacitance for the control voitage selected on the 
volt-farad characteristic. To design a phase shifter with such compensation at a 
fixed frequency, the resulting susceptance b, cot(2ml,g ¢,/Aline) is to be sub- 
stituted in place of the susceptance b in the formulas for calculating the losses, 
phase shift and reflection factor. 


Multiple element phase shifters based on controlled capacitances represent a . 
cascade configuration of single element phase shifter circuits. 


Increasing the number of controlled elements considerably complicates the calcu- 
lation of the phase shifter parameters: the absolute value of the transmission 
gain and the phase shift. In this case, it is expedient to use a computer emp loy- 
ing the tools of wave transmission and scattering matrices. 
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Figure 21.2. Schematic of a multiple element phase shifter with a 


continuous phase change (a) and its amplitude (solid curves) 
and phase (dashed curves) characteristics (b). 


Ldéé ty ABO? 








Figure 21.3. The amplitude-phase (a) and phase-frequency (b) character- 
istics of a nine element phase shifter; the influence of 


the resistive losses on the insertion attenuation and the 
phase shift (c). 


A general equivalent circuit of a phase shifter with a continuous phase change 
and an arbitrary number of controlled elements is shown in Figure 21.2a. The 
task consists in finding the insertion losses as the coefficient of the first line 
‘of the first row of the resulting transmission matrix [t] of the entire device: 
[t] = [tz] [tg] ... [tn], where [tz] axe the transmission matrices of the sections 


(the line sections 11, 17 and the controlled capacitance C(U) in the case of 
ideal isolating networks). 
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The reflection factor from the phase shifter is also determined from the values 
found for the coefficients of the resulting transmission matrix [t]. Thus, the 
characteristics of multiple element phase shifters are: a range of phase change of 
Onin --- max, the insertion losses L and the absolute value of the reflection 

= factor IT; these are defined as functions of the normalized admittance of the con- 
trolled capacitance C(U). 


In a phase shifter with n identical equidistantly epaced varactors, by virtue of 
the change in their capacitance from Cmin to Cmax: 


Oxr—n (aretg Se Cmax __ arcig ont), 
Yo 


Here, the influence of multiple reflections between varactors on the phase shift 
was not taken into account, which is permissible in a first approximation if their 
reflection factors with respect to the absolute value of Tf l, ayy, He O25 5 


The formula cited here can serve as the basis for selecting the number of elements 

in the design of a phase shifter. Characteristics of phase shifters with a contin- 

uous phase change for various numbers of equidistantly spaced control elements 

[3] are available at the present time which have been calculated on a computer and 
- plotted. 


The case where the resistive losses in the controlled elements can be neglected 

(g = 0) is of practical interest, and then the losses in a phase shifter are 
determined only by the reflection losses. ihe amplitude and phase characteristics 
of phase shifter with different numbers of elements are shown in Figure 21.2b for 
this case. It follows from the figures that with an increase in the number of 
elements, the phase shift is practically proportional to the reactive component; 
the nonuniformity in the characteristics of the insertion losses increases with an 
increase in the number of elements. 


The influence of the spacing between elements on phase shifter parameters is 
illustrated in figure 21.3a. Depending on this spacing, the slope of the phase 
characteristic (the dashed lines) also changes as does the nonuniformity of the 
insertion losses (the sdlid lines). Based on the curves of Figure 21.3a, one can 
determine the attainable minimal insertion losses and their nonuniformity for a 
specified ¢ in a specified range of frequencies. The inverse problem can also be 
solved: find the range of frequencies within which the permissible insertion ©» 
losses L are preserved with the attainable value of $. (In this case, it is 
necessary to keep in mind the feasible range of change in b.) One can also 
estimate the bandwidth of a phase shifter, comparing its characteristics for 
various spacings between the elements, i.e., for different electrical lengths of 
the line sections. 


It can be seen from Figure 21.3b that in step with an increase in the normalized 


capacitive admittance, the nonlinearity of the phase characteristic increases 
within the passband. 
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Where there are resistive losses in the controlled elements, the phase relation- 
ships in a multiple element phase shifter practically do not change. A practically 
linear relationship exists between the insertion losses of a phase shifter and the 


conductance component of the admittance of the controlled capacitance (Figure 
21.3c). 


Some general requirements for the parameters of controlled elements can be formu~ 
lated based on the characteristics treated here and optimal circuit design 
approaches can be found, These requirements can be reduced to the following. The 
maximum capacitances of controlled phase shifter elements with a continuous phase 
change should not have a normalized susceptance of b> 2.5 to 3. Otherwise, it 
is impossible to obtain operationally acceptable values of the amplitude modula- 
tion level during the phase control process in the frequency passband. If it is 
necessary to have low values of the SWR for a specified change in the phase shift 
@, then the number of controlled elements is to be increased and the maximum 
capacitive susceptance b reduced. However, with a significant increase in the 
number of elements (n > 9 to 10), the resistive losse- corresponding, for example, 
to g = 0.1, yield too much attenuation. 


With certain requirements placed on the working frequency range, a positioning of 
the elements where 1 = Aline/4 can prove to be opt imal. Then the quality of the 

phase shifter increases because of the increase in the slope of the phase charac- 
teristic and the possibility of reducing the number of controlled elements. 


Thus, while the quality of a single element phase shifter is primarily determined 
by its reflection losses, the quality of a multiple element phase shifter depends 
on the value of the normalized conductance g of the controlled element. 


As a rule, the major components of reflective phase shifters with a continuous 
phase change are short-circuited line: sections with varactors; reflecting sections. 
They can be connected to the common channel either directly or through multipole 
networks (Figure 21.4). The controlled elements regulate the signal phase on the 
path to the short~circuiter and back. The characteristics of a reflective multi- 
element phase shifter :are calculated using the same method as for a transmissive 
one, but the values of the parameters obtained as a result of the calculation are 
doubled (with the exception of the phase shifter quality, Kg = 26/2L). 


A 3 dB directional coupler (slotted and loop bridges) or some other multipole 
network which posses similar characteristics can be used to segregate the incident 
and reflected waves. The insertion of the controlled elements by means of the 
indicated multipole network on the whole forms a transmissive phase shifter con- 
figuration (see Figure 21.4). In the circuit of Figure 21.4a., the directional 
coupler is loaded at the outputs (2 and 3) into reflective phase shifters, which 
in the general case each contain one or more controlled elements. 


In the case of identical reflecting sections with a single controlled element 
without resistive losses and an ideal directional coupler, the insertion phase 
shift is equal to twice the phase shift provided by a short-circuited line section 
and the controlled element [3]: 
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—2 [b—ctg (Qt /A,)] 
1—[b—ctg (2nt/Ay)P 


s 


( =arctg 


where b = wC/Yo is the normalized capacitive susceptance of the varactor; 1 is 
the distance from the element to the short-circuiter of the reflecting section. 





(b) 4) 


Figure 21.4. Circuits of reflective phase shifters using a 3 dB 
bridge (a) and a circulator (b). 


Circulators can be used to separate the incident and reflected waves in reflective 
phase shifters (Figure 21.4b). Such a phase shifter can also contain different 
numbers of controlled elements. The insertion shift for a phase shifter with one 
controlled element is determined in a manner similar to that for a phase shifter 
with a bridge circuit. Two controlled elements (varactors) in a reflecting sec~ 
‘ion are rufficient to change the phase shift from 0 to 360°. 


4 It.follows from the analysis of semiconductor phase shifter operation that they 
have a comparatively poor quality K@ and considerable nonuniformity of the inser~ 
tion losses within the range of phase change. The indicated drawbacks limit the 
range of applications of these phase shifters. 


21.3. Discretely Switched Semiconductor Phase Shifters 

As is well known [1] p-i-n diodes can sharply change (with a jump) the resistive 
component of the impedance in a wide range with the action of a control voltage 
Ucon; however, the reactive compovent is small and almost does not change at all. 
The sharp change in the diode impedance is used in discretely switched phase 


shifters*, In this case, the ohmic losses in the diode are small, since the fol- 
lowing conditions are met (for the parallel insertion of the diode in the line): 


* 
In the following, we shall call a discretely switched phase shifter simply a 
discrete [digital] phase shifter for the sake of simplicity. 
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Ty wy Pal eget. Toe es Pl ia oly 


‘> Bi = Pol tap >1, ¥2 oY a= Pol Top <1, 


where Yj and Y2 are the p-i-n diode admittances for the forward and inverse bias 
modes respectively; pq is the characteristic impedance of the line (see Figure 
21.1a) in which the p-i-n diode is inserted. 


In expressions (21.7), the reactive components of the diode admittance bi and b2 
are taken equal to zero. When go from (217) is substituted in (21.4) and (21.5), 
it is not difficult to convince onself that the losses in the diode and absolute 
value of the reflection factor are small. This is explained by the fact that the 
inverse resistance of the diode rinv is high and it practically does not shunt the 
transmission line. 


If the value of gj from (21.7) is substituted in the same equations (21.4) and 
(21.5), then we obtain greater losses and a higher value of I: practically all of 
the power is reflected [this follows from (21.5) when g, >> 1 and by = 0 are 
substituted] . 


The nearly total reflection of the power from the diode in the case of forward 
bias can be employed, for example, to design a reflective phase shifter. If a 
radio frequency signal is fed to the input of the circuit of Figure 21.1la and the 
output is short-circuited then such a reflective phase shifter provides for two 
insertion phase delays: with forward biasing of the diode, the wave is reflected 
from the diode,. and with inverse biasing, it is reflected from the short-circuited 
end of the line. The difference between the insertion phase delays is a discrete 
step (jump) in the phase of such a phase shifter. 


The series insertion of a diode can be treated in a similar fashion (Figure 21.1b). 
In this case, the diode opens the line in the case of inverse biasing and allows 

a wave to pass through low insertion losses in the case of forward biasing. By 
using two or more diodes and the appropriate circuit designs, one can provide for 
switching the microwave power from one line to another. This circumstance is also 
utilized in digital semiccnductor phase shifters. 


Digital semiconductor phase shifters make it possible to eliminate the majority of 
deficiencies inherent in continuous semiconductor phase:shifters, specifically: 
improve the quality factor (Kg = 200 deg/dB), reduce the SWR (Kst [SWR] < 1.5), 
equalize losses for various phase shifts and control ‘large microwave power levels 
(especially in a reflection mode). The possiblity of obtaining the character is- 
tics enumerated above in a wide frequency band (up to an octave and more) is also 
important, something which makes it possible to use such phase shifters in phased 
antenna arrays. The possibility of obtaining the requisite phase-frequency 
characteristics and assuring stability also promotes this to no small extent. 


The design calculations for discrete semiconductor phase shifters are carried out 
using matrix analysis tools. 
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The operational principle of digital semiconductor phase shifters is rather simple. 
The large number of circuit designs which have been realized at the present time is 
due to the widescale use of phse shifters of this type. For this reason, primarily 
the specific features of the circuit design solutions for digital phase shifters of 
various types to obtain a requisite phase characteristic and the specific opera- 
tonal features with such a characteristic are treated in the following, and where 
necessary, the design equations are given. The treatment takes into account the 
predominant application of digital phase shifters in phased arrays. 


We shall initially consider digital phase shifters which make it possible to obtain 
only one discrete phase step, and then we will show how by using them as component 
elements in multiple element discrete phase shifters, one can obtain the requisite 
number of discrete phase steps. 


Sémiconductor digital phase shifters can be broken down into three main groups 
according to the operational principle: with switched line sections (Figure 21.5a), 
reflective with incident and reflected wave isolators (Figure 21.5b, c) and the 
periodically loaded line type (Figure 21.5d, e) [5]. 


Phase shifters using switched line sections are the simplest and most obvious in 
terms of the operational principle. The difference in the electrical length of the 
line section corresponds to the phase shift of Ad = 4) - %, (Figure 21.5a). ' 


The following can be numbered among the advantages of phase shifters of this group: 
the diodes have practically the same insertion losses for both values of the phase 
delay (slight deviations are possible only by virtue of the change in the length of 
the switched line sections); the circuit is convenient for microstripline fabrica- 
tion; it is compact (especially for small phase shifts). The drawbacks are: the 
relatively large number of diodes (up to four per phase shifter element); the 
necessity of supplying control signals of different polarities; phase shifter losses 
do not depend on the phase shift, while in all other groups of phase shifters, the 
losses fall off with a decrease in the phase shift [5]. 


Phase shifters of the second group have become widespread (Figure 21.5b, c). Both 
: reciprocal multipole networks (directional couplers, bridges) and nonreciprocal 
(most often circulators) are used as the device to segregzte the incident and 
reflected waves. In this case, the energy reflected from the diodes falls entirely 
in the output arm of the multipole network. The phase shift itself (discrete phase 
step) at the output of the phase shifters of the second group is formed by virtue 
of the phase change in the reflection factor when the diodes are switched in the 
appropriate line section, which are connected to the separating device: A? = 
= arg(T,/To). 


Merits of phase shifters in this groupare the minimum number of diodes which are 
used (down to one per element) for any phase shift, as well as the possibility of 
separate optimization of the isolation device (with respect to decoupling and match- 
ing) and the manner of inserting the diodes (based on the requisite phase function 
within the passband, the balance of the insertion losses in the two phase states, 
etc.). 


- 393 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


FOR OFFICIAL USE ONLY 





gy (e) 


Figure 21.5. Circuits of discretely switched phase shifters. 


Figure 21.6. The phase characteristics of switched 
nondispersive line sections. 





Y, D2 7 F+AOfag 


The operational principle of periodically loaded line type phase shifters consists 
in the fact that the electrical length of a line increases when a shunting capaci- 
tance is inserted and decreases when an inductance is inserted. To reduce reflec- 
tions from inhomogeneities, represented by the shunting capacitance or inductance, 
a pair of identical reactive elements is used, spaced at a distance apart approx- 
imately equal to a quarter wavelength. For good matching, the shunting reactances 

‘should be rather small, but this leads to small phase shifts (usually, no more 
than 45 degrees), which limits the application of the phase shifter. The phase 
shift in the phase shifters shown in Figures 21.5d and e is determined by the 
following relationships respectively: A¢ = arctan(b;/2) - arctan(b2/2) and Ad = 
= arctan(x,/2) - arctan(x2/2). 
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Phase Shifters with Switched Line Sections. The great diversity of the phase 
shifters in this group is due primarily to the requirements placed on the form of 
the phase-frequency characteristic and the minimum phase shifter dimensions for 
large discrete phase steps. We shall consider the operation of the phase shifter 
shown in Figure 2l.a within the passband. The electri¢a] length of the switched 
nondispersive line sections are: 


Dy 2: Ql; 2/Ao, (21.8) 


where X49 is the wavelength corresponding to-the center frequency of the specified 
bandwidth (Figure 21.6). 


The phase characteristics of the switched line sections, which take the form of 
straight lines running through the origin. are depicted in Figure 21.6. In the case 
of tuning off of the center frequency, as follows from Figure 21.6 there appears an 
increment in the phase jump, 66, related to the frequency difference Aw/wo by the 
ratio (we consider the diodes to be ideal switches): 


eee ee (21.9) 
AD = ADAo/ ay, 
- where Ad = $65 - 6, is the phase shift at the center frequency. It follows from- 
this that a phase shifter of the type shown in Figure 21.5a provides for a phase 
= shift which changes linearly with frequency, and consequently, a time delay which 
is independent of frequency. For this reason, such a phase shifter is convenient 
for use in wideband devices with a constant time delay. However, the bandwidth 
and the maximum phase shift are limited by resonance phenomena which occur when the 
length of a disconnected line section becomes a multiple \/2. In this case, the 
disconnected line section becomes in essence a high Q resonator, which is weakly 
coupled to the connected line section by virtue of the capacitance of the diode 
cutoff switches (Figure 21.7a). Because of this, the insertion losses at the 
resonant frequency increase, and moreover, phase errors appear. 


To increase the decoupling between line sections and the channels, one can use the 
circuit shown in Figure 21.7b with a permanent structural connection of both 
channels to the incoming and outgoing lines. The disconnection of one of the chan- 
nels is accomplished by shorting its input and output to ground. In this case, 
the length of the line sections from branch point A_ to the points of diode 
insertion is \,/4, where Ap is the wavelength corresponding to resonance in the 
disconnected channel. When a forward bias is supplied, the upper diodes (in 
accordance with the schematic of Figure 21.7b) are turned on. In this case, the 
quarter-wave short-circuited line sections have an infinitely high input impedance 
at branch point A, which also creates increased isolation. The lower diodes are 
cut off, and consequently have no influence on the operation of the channel with 
an electrical length 6, (the channel length is determined by the length of the 
line section between branch points A - A). 


Phase shifters of the type of Figure 21.5a can also be used in systems where it is 
necessary to have the phase shift independent of frequency. In this case, 
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expression (21.9) is the phase error 6¢ introduced by such a phase shifter. A con- 
stant phase shift in a wide frequency band (up to an octave and more) can be 
obtained by using a dispersion line in a channel where this line has a shorter 
electrical length and takes the form of coupled lines connectdd te each other at 
one end as shown in Figure 21.8a. The length of the coupling region is Ao/4, where 
Ap is the average wavelength of the working band. The phase-frequency character- 
istic of such a coupled line is [5]: 


== Oy= arcees| (I-ba)/(1—a) — tg? Dog | (21.10) 
(Fa) (1a) ty Doe |’ 


where a = i077! 79: C is the crosstalk attenuation in dB; ¢o9¢ = 0.51A9/A is the 
electrical length of the coupling region. 








— 
id 


Figure 21.7. Variants of phase shifters with switchable channels and 
increased isolation between them. 


The phase-frequency characteristic corresponding to expression (21.10) is shown in 
Figure 21.8b by the curve ¢,. The phase-frequency characteristic 4) of a non- 

dispersive line section is also shown in this same figure. A schematic of a phase 
shifter using lines having the characteristics $6; and $9 is shown in Figure 21.8c. 


If the length of a nondispersive line section is chosen so that its phase-frequency 
characteristic 6) is parallel to a straight line passing through a point with 


abscissas of ¢, and %) which are equally spaced from the point $o¢ = n/2 (Figure 
21.8b), then at frequencies corresponding to the point 4), m/2 and 5, the phase 
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shift introduced by the phase shifter is equal to a certain quantity A®, while at 
the remaining points which fall outside the range $, < %9¢ < $2, a phase error 
appears which does not exceed 66. 


The phase-frequency characteristic $2 = yéoc is a straight line passing through 
the origin, where y is an angular coefficient which is found from the condition: 
when 69¢ = 1/2, we should have $) = 1 + Ad, From this, %) = 2(1 + Aé/m)®oc. The 
points 6, and $9 are defined as the abscissas for which the discrete phase step of 
a single stage phase shifter of the type shown in Figure 21.8c is: 


Poe d\n (fay(I—a)—te, 
A0=2(1+ = )o arccos (iha)(ino) igo," 


where i= 1, 2. By solving this equation for a and introducing the band coverage 
overlap coefficient Ky = %)/¢,, we obtain: 


I-f-o LAD A® i . 
—~ == ctg? | ———_— —— | tg?; ——_}. 
: J WK 2 . ta) (21.11) 





l—a 


The value of a found from (21.11) is used for the design calculations of a 


network of the type of Figure 21.8a. sik gee Oita Ane ah ee eet 
-@ 2 





a) (a) 


Figure 21.8. On the determination of the —~ 4 2 L 
characteristics of a phase ° 
shifter with a constant phase 
shift within the passband. 





& {c) 
Phase shifters with switched channels, which are .intended for operation in the 
lower portion of the microwave band, have considerable dimensions. One of the 
ways of reducing the overall dimensions of a phase shifter in this case is replac- 
ing the switched line sections with reactive four-pole networks with lumped 
elements [5]. As is well known, the transmission matrix of a uniform lossless 
transmission line (Figure 21.9a) has the form: 
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cos jposin © 7 
{a]= ime cos @ : (21.12) 


Tie classical transmission matrices, [ay] and [ay] of TI and T symmetrical four- 
pole networks with lumped reactive elements (Z1 and Z2 in Figure 21.9b, c) are 
defined by the expressions: 


Fd mae (21.13) 
on1=| prea m | * 
‘L Q2Y¥3-+-Ze Y¥3 1+Z,Y; ! 
: 14-2, Ys 22-422 Ys 
t1=| |: 
Y; 1-/-Z. Ya. (21.14) 


where Yi = WZ,; : Y.= 1/Zz. : 


The four-pole networks treated here can be considered equivalent to a transmission 
line section in the case where the corresponding elements of theix transmission 
matrices are equal (at a fixed frequency). By equating the elements of matrices 
(21.12) and (21.13), we obtain the values of Z1 and 22 of a Il four-pole network, 

- ‘expressed in terms of the parameters 09 and @ of a line section: 


y=j 804, Z,=jposin®, n>o>0; 


Z,=— 


DO ce ae S 
j wont j ano? n> O>n. (21.15) 


Similarly, for a T network: 


"” Z,=jootg (0/2), Y,= “RS a> O>0; 
0 





(21.16) 


n= Z=—j, Im>O>n. 


. I 
Jip te(O/2)’ ac 


Expressions (21.15) and (21.16), taking into account the symbols adopted in 
Figures ‘21.9b and c, make it possible to draw the conclusion that Il and T four- 


pole networks, which are equivalent to a line section of length 7 > ® > 0 at the 
working wavelength 19, have the structure of a low pass filter (FNCh) section; for 
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Figure 21.9. The equivalent representation of a section of 
uniform transmission line. 





Figure 21.10. Examples of circuits of discrete phase shifters with 
lumped reactive elements. 


21 > @ > 1, these four-pole networks have the structure of a high pass filter 
(FvCh) section. Moreover, it follows from expressions (21.15) and (21.1£) that 
one of these four-pole networks cannot successfully realize an equivalent line 
section of length ¢ = 7. Possible circuits for constructing a network.:for a line 
section of electrical length ¢ = 7 are shown in Figure 21.10. The series connec- 
tion (Figure 21.10a) presupposes the use of two Il four-pole networks, each of 
which is equivalent to a section of line with a length of $6 = 1/2. It is obvious 
shat this networks reduces to the form of the network in Figure 21.10b. A phasing 
section of a phase shifter for a discrete phase step of A¢ = m using a network of 
the kind shown in Figure 21.10b is shown in Figure 21.10c. 


Another structural variant of a phasing section for a discrete phase step of A¢=T 

is shown in FIgure 21.10d. Two Il four-pole networks are also used here, one of 

which, having the structure of a low pass filter section (C1, L2) is equivalent to 

alline section with a length of $ = 1/2, while the other, having the structure of 

_ a high pass filter section (L1, €2) is equivalent to a line section with the 
length of = 3n/2. 


One element of a phase shifter for other discrete phase stejis can be made in a 
similar manner. We will note that the circuit configurations treated here for 
the elements of discrete phase shifters can made using a T section four-pole 
network (Figure 21.9c). 
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Reflective phase shifters with isolators are differentiated according to the type 
of isolating devices used and the methods of obtaining the specified discrete 
phase step. In contrast to phase shifters with switched channels, in reflective 
phase shifters it is necessary to equalize the losses in both phase states, which 
is achieved through different circuit design solutions. 


The major requirement which should be satisfied by the mutual isolation device of 
such phase shifters is that of assuring a 3 dB power division among the two arms 
with a phase shift of 90 degrees. In line with a T mode, primarily the following 
isolating devices are employed: a loop bridge (Figure 21.1la), a ring bridge 
(Figure 21.11b) and a coupler with electromagnetic coupling (Figure 21.llc). In 
waveguide phase shifters, primarily a 3 dB bridge is used for these purposes, since 
the sizes of other devices with similar characteristics are considerably greater. 


We shall consider the methods of obtaining a discrete phase step in reflective 
phase shifters. The first method is similar to that used in phase shifters with a 
continuous phase shift change (see Figure 21.4a) with the only difference that the 
diode resistance can assume only two values: either close to the resistance which 
provides for a short circuit at the point of diode installation (in this case, 
power is reflected from the diode) or close to a resistance which provides for a 
no-load mode (in this case, the reflection takes place from the short circuited 
end ofthe line in which the diode is inserted). The discrete phase step is Ad = 

= 26,, where 6, is the electrical length of the line from the point of diode in- 
sertion to the short circuited end of the line. With this method, it is difficult 
to achieve identical insertion losses in both phase states, since the reflection 
occurs in one case from the diode and in the other from the short-circuiter. To 
equalize the losses in both phase states and expand the working bandwidth, a loop 
is inserted in the line coupling the diode and the isolating device [5]. In this 
case, the requisite values of the reflection factors are determined by the point of 
insertion of the loop, its length and characteristic impedance. 


As has already been noted, elements with multiple discrete steps, which are shown 
in Figure 21.12, can be realized in reflective phase shifters. In this structural 
design, two loops 6; and 4 are connected at a common point. The characteristic 
impedances (p, and p).1and the length of these loops are chosen so that when 
switching the bias voltage of the diodes, the susceptance of the first loop at the 
common point is equal to +jb1, and +jb2 at the second point. The combination of 
these susceptances yields four values of the total susceptance at the common point: 
j(by + ba), j(bz - b2), j(b2 - by), -j(by + by). Four values of the discrete 
phase step are provided in this case. The dimensions of such a phase shifter are 
slightly larger than the dimensions of a single digit phase shifter with one dis- 
crete step, since only one separating device is used. 


A phase shifter with a nonreciprocal isolator - a circulator - operates just as the 
phase shifter shown in Figure 21.5c does. The use of circulators provides for 


smaller dimensions and a smaller number of diodes, which is responsible for lower 
losses. 
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8) (b) a(c) 


Figure 21.11. Isolators for digital phase shifters. 
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Figure 21.13. Circuits for obtaining the necessary susceptances 


(a) and reactances (b) in a phase shifter of the 
periodically loaded line type. 
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Phase shifters of the periodic loaded line type differ in the methods of realizing 
the reactance inserted in the line to change the line's electrical length. The 
reactive elements inserted in the transmission line can be made in the form of 
loops. The length and characteristic impedance of the loops are chosen from the 
condition for obtaining the requisite input susceptance; usually b] = b2 = b, 
where b is the shunting susceptance (Figure 21.5d). A shcematic of such a phase 
shifter with parallel loops is shown in Figure 21.13a. Phase shifters of the 
periodically loaded line type with a series configuration of distributed reac- 
tances also find application (see Figures 21.5e and 21.13b). 


Multiple Element Discrete Phase Shifter. The major requirement placed on them 
is the requirement of assuring a phase change with a discrete step Aé in a partic- 
ular range of values from Opin to Omax (in the general case from 0 to 21). The 
discrete step Ad is determined by working from the requirement placed on the 
characteristics of the device in which the given multiple place phase shifter will 
. operate. Usually, a multiple digit phase shifter contains nj digits. Each digit 
can exist in only one of two phase states (a single discrete step digit): there is 
no phase delay (or the insertion delay is taken as zero); or the insertion phase 
delay is Ad;, where i is the number of the digits. 


The minimum number of digits n1] in this case is assured through the choice of the 
following walues of Adj: 


~~ AO, =A, 
AD, = AQ, -|- AD == 2AM, 
AM, = AD, -}- AD, -}- AD = 4AM, 
peat Los te hie ai tte (21.17) 


~] 
Ad, = AD'S AD, = 29! Ad, 


tel 


The range of phase change from 0 to 2n will be covered if the overall phase delay 
introduced by all of the digits is: 


DE ADF AD: ba P Dye Be — AD, NBD 
By using equations (21.17) and (21.18), we obtain: 


fy == 1 -l- logy (n/AD), (21.19) 


It follows from (21.19) that nj is an integer with the condition Ad = 1/2” is met, 
where m are also integers. 


Digital phase shifters which have already been described are used to realize the 
discrete digits. The selection of the type of digital phase shifter is made 
based on various criteria. For example, if minimal average insertion losses are 
required, then one can employ phase shifters of the periodically loaded line type 
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as the lowest order digits (i.e., the digits with the small discrete phase steps) 
and for digits with larger discrete phase steps, one can use phase shifters with 
switched channels. In this case, a gain is obtained in the average insertion 
losses both as compared to the case where all digits are realized using phase 
shifters with switched lines as well as the periodically loaded line type. 





Figure 21.14. The structural design of a three element microstripline 
phase shifter. 
Key: 1. Phase shifter housing; 

2. Stripline conductor; 

3. Dielectric plate; 

4, PIN diodes; 

5. Power supply terminals for the PIN diodes; 

6. Blocking capacitors; 

7. Choke; 

8. Coaxial to stripline transition. 


This is explained by the fact that phase shifters using switched lines introduce 
approximately the same losses for any discrete steps, while phase shifters with 
periodically loaded lines have low losses for small discrete steps. At the same 
time, the losses in phase shifters of this type increase with large discrete phase 
steps. 


One of the possible structural designs of a phase shifter using switched line 
section is shown in Figure 21.14. 
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CHAPTER 22. MICROWAVE FILTERS. 


22.1. The Classification of Microwave Filters 


Electrical filter is the term for a passive linear network with a sharply pronounced 
frequency selectivity. Filters are very widely used in radio systems for the fre- 
quency selection of the requisite signal against a background of other signals or 
interference. A filter is frequently used to suppress interfering signals. 


In the microwave band, a filter takes the form of a transmission line which includes 
inhomogeneities, matched in a definite frequency band and sharply mismatched outside 
of this band. In this sense, filter operation is similar to the operation of a 
broadband matching device. (A filter is sometimes used for. broadband matching). It 
is apparent that to reduce losses within a passband, a filter should be made of 
reactive elements. 


At the present time, the most widespread procedure for microwave filter design is 
the procedure in accordance with which the low frequency prototype of the filter is 
designed initially, in this case determining the inductances and capacitances for 
the loaded Q's of the resonant circuits of the prototype. Then the question of 


the realization of the calculated elements with the appropriat- inhomogeneities or 
resonant systems in the selected transmission line is resolved. Thus, it is neces- 
sary to have an equivalent circuit of the microwave filter for design calculations 


based on this procedure. 


The equivalent circuit imparts clarity to the design calculations and makes it 
possible to use techniques which have been well worked out in the theory of low 
frequency filters for the design of a microwave filter. However, it must be remem 
bered that the equivalent circuit reflects the actual microwave device with only a 
certain degree of precision. It frequently does not take into account various 
parasitic.:scattering fields, equivalent to additional capacitances and inductances. 
It is also necessary to remember that resonant microwave systems (volumetric 
resonators, line sections) are multiple resonance systems, something which is not 
at all taken into account in the equivalent circuit. The transient processes in 
the equivalent circuit and actual device will also be different. 


The main parameter of a filter is its frequency characteristic: the working attenu- 
ation L(£) or the reflection factor T(f) as a function of frequency. We recall . 
that L = 1/(1-r2). 


Filters are broken down into low pass (FNCh), high pass (FVCh), bandpass (PPF) and 
bandstop or rejection (PZF) filters. 


Bandpass and bandstop filters are most frequently used in the microwave band, 
although, for example, low pass filters are used to filter the higher harmonics of 
oscillators and frequency multipliers. Bandpass filters are sometimes used both as 


low pass and as high pass filters. The right side of the frequency response is 
usdd for a low pass filter and the left side for a high pass filter. 
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The following are usually specified in the design calculations for a bandpass 
filter: the cutoff frequencies for the passband fpr and f-pr, the mismatch toler- 
ances (Tpr) or the insertion losses Lpr within the passband, the stopband cutoff 
frequency is fz and fz and the minimum permissible losses within the stopband Lz 
or Tz. 


It is obvious that the optimal shape of the frequency response would be a rectangu- 
lar form, in which the fr2quencies pass through and the blocked frequencies coin- 
cide: fpr = fz and f-pr = f-z. However, such a response shape is obtained only 
with an infinite number of filter sections. In actual devices, the slope of the 
frequency response curve is determined by the kind of function L(f), which in 
turn, depends on the number of sections and the Q's of the tuned circuits in the 
sections. 

With respect to the passband, bandpass filters are broken down into narrow band 
for which the relative passband is less than 5% ([2Af,,/fo] - 100 < 5), average 
bandwidth filters (5 < 100 - 2Afpr/fg < 20) and broadband filters ([2Afpr/fo] - 

- 100 > 20). Here, fg = Yfprf-pr is the center frequency of the passband. 


In low frequency filters, the filter sections are connectéd directly to each other 
and there is strong mutual coupling between the sections. In microwave filters, 
the sections can be coupled directly to each other by means of coupling elements 
(such microwave filters are called indirectly coupled filters), or through quarter- 
wave line sections (quarter-wave coupled filters), where the series resonant 
circuits are transformed by line sections into parallel resonant circuits. 


Microwave filters can also be classified according to the type of line which is 
used to construct the filter: waveguide, coaxial and stripline filters. 


22.2. The Design of the Low Frequency Filter Prototype 


The determination of the parameters of a filter prototype is a problem of para- 
metric analysis, i.e., the filter elements mst be found based on the known fre- 
quency response of the filter. In order to make the design procedure more general, 
in which the numerical calculations for a specific sample are minimal, all of the 
quantities are normalized. Normalizing impedances consists in the fact that the 
load impedances at both ends of the filter are considered equal to unity. For a 
load resistance of R, all of the prototype resistances are increased by a factor 
of R times; the frequency response of the filter does not change in this case. 

If the filter is not matched within the passband at either end, then an ideal 
transformer which provides for matching should be used. 


Then the frequencies are normalized so that the normalized frequency at the edge 
of the passband is equal to unity. We make the substitution: 


vy = kjw (22.1) 


If kj is chosen from the condition that kj = 1/wWpr, then at the boundary of the 


passband, the equality v = 1 will be observed. In this case, all of the filter 
reactances should be multiplied by the actual cutoff frequency upr. 
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When solving a problem of parametric synthesis of filters, all of the types of 


filters are reduced to a single prototype. Such a prototype is most often a low 
pass filter. 


The transition from one filter to another is made by substitution of a frequency 
variable. Thus, the transition from a frequency wto a frequency defined by the 
equality: 


= —k,/o, (22. 2) 


will transform a low pass filter into a high pass filter. 


Figure 22.1. Schematic of a 
, Ines prototype filter. 





A substitution of variables of the kind: 


v= fy 0p (/id9—Cao/0), _ (22. 2) 


transforms a low pass filter into a bandpass filter. The values of the cutoff 
frequencies for the bandpass filter and its passband can easily be derived from 
formula (22.3): 


gp @_ap = ol; 2ho =O) —O np = Vap/4y=1 /ky. (2 2. 4) 





Here wy is the center frequency of the passband. 


To derive a stopband filter from a low pass filter, two conversions, (22.2) and 
(22.3), must be applied sequentially. 


Thus, any of the filters can be designed on the basis of a single low pass filter 
prototype in the form of a ladder circuit (Figure 22.1). 


When designing a filter, it is first of all necessary to have the frequency 
characteristic specified, L(£), such that the filter can be realized, i.e., the 
design calculations should not lead to quantities which are not physically 
feasible. 


Three types of filters have become the most widespread, categorized according to 
the type of frequency response: 
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1. Filters with a Chebyshev characteristic, the function of the working attenuation 
of which is described by means of Chebyshev polynomials of the first kind: 


bal 4lT2 (v/S). (22,5) 


Here, v = £/f£9 - £0/f is the frequency variable; 


Migs Py VINE 
#eVILSI 


is the amplitude coefficient; S is a scale factor which normalizes the cutoff 
frequency; n is the degree of the Chebyshev polynomial; Vpr/S = 1, 


The frequency response of a three section filter is shown in Figure 22.2. A filter 
with a Chebyshev frequency response (a Chebyshev filter) is optimal in the sense 
that in the case of identical starting data, of all of the filters which can be 
described, it has the smallest number of sections. The slope of the frequency 
response is the maximum of all of the filters which can be used. A drawback to 
the filter is the pulsation of the insertion losses within the passband and the 
nonlinearity of the phase-frequency characteristic. 


2. Filters with a maximally flat response (Figure 22.3): 


L=1- ++ 13 (v/S)20, (22.6) 


The insertion losses within the passband vary from the maximum values at the edge 
of the band to zero at the center frequency. A merit of the filter is the linear- 
ity of the phase-frequency response. 


3. Filters made of identical resonators are the simplest to fabricate and align. 
The frequency response of the filter is described by a Chebyshev polynomial of the 
second ftind and has greater operations within the passband, especially at its 
boundaries. To reduce the oscillations, the Q's of the end sections are cut in 
half. However, a major advantage of the filter is lost in this case: the identi- 
cal nature of the sections. The phase response of the filter is nonlinear. The 
filter finds fewer applications as compared to filters of the first two types. 


We will note that a filter which has a frequency response described by a function 
using a Zolotarev fraction has the greatest slope of the frequency characteristic. 
The response has oscillations within the passband and within the stopband. The 
filter has not found widescale application since special sections with mutual 
inductances are required to make it. on 


In formulas (22.5) and (22.6), the degree of the polynomials n is equal to the 


number of filter sections, and one can derive the expressions to calculate the 
number of sections from these formulas. 
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4,06, dB 








énp 
Figure 22.2. Frequency response of Figure 22.3. Maximally flat response 
a bandpass filter of a bandpass filter. 
described by a 
Chebyshev polynomial. 
For a Chebyshev filter, the number of:-sections is: 
7 — Arch Vla—1)inp — 1) (22.7) 
“Arch (Vs/Vap) ' ‘ 
For a filter with a maximumally flat response: 
yp (22.8) 


lg Vile— Lup — 1) 
Ig (va/vap) 


2 
V 


If in calculations using formulas (22.17) and (22.18) [sic] the number ‘n_ proves 
to be fractional, it is rounded off to the nearest whole value (usually the 
greater one). 


After determining the number of filter sections, the components of the ladder 
circuit are found (Figure 22.1) as well as the loaded Q's of the bandpass filter 
sections. This is the most labor intensive part of the problem. 


There are two know methods of overcoming the computational difficulties. In the 
first, the general laws governing the distribution of the parameters of the 
circuit components are ascertained. These governing laws are studied and then 
generalized. In the second approach, tables and graphs are drawn up for the most 
frequently encountered cases of filter design. 


The simplest distribution of the values of g can be successfully established for 
a filter with a maximally flat response, for which: 


_ / 


‘gy = 2sin [x (2k — 1)/2nl, (22.9) 


where k ‘is the number of the branch reckoned from the filter input (Figure 22.1). 
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It follows from formla (22.9) that when n = 1, 8] = 2, when n = 2, g] = g2 = v2 ; 
when n = 3, g] = g3 = 1, gg = 2, etc. The filter is symmetrical. 


The transition to a bandpass filter is made by substituting variables in accordance 
with formula (22.3). In this case, the loaded Q's of the resonant circuits are 
determined from the formula: 


Qu = Qp Gr/2= Qe sin [5 (24 — 1)/2n}. (22.10) 
Here: : Q= j/ris 
; (22.11) 


is the loaded Q of the entire filter at the three decibel level. 


For a Chebyshev filter, there is no formula as simple as (22.9). The coefficients 
g can be calculatéd from the following formulas: 


B1=2aI¥, Gn =40y-1 yp /On-awp- (22.12) 


where 


a, = sin [x (2k — 1)/2nh; by = 7 -I- sin? (xk/n), y = sh B/2n, 
8 = ln [coth(L [dB]/17.37)] 
B = In [cth (LZ (a5)/17,37)1. 
The transition to a bandpass filter is also made by substituting variables in. 


accordance with formula (22.3). The loaded Q's of the filter resonant circuits 
are determined from the formula: 


Qn = @,/2S. (22.13) 


In filters with quarter-wave coupling, it is necessary to take into account the 
influence of the frequency sensitivity and dispersive properties of the quarter- 
wave line sections. The initial loaded Q of the filter sections is determined 
from the formulas: 


. Fe nee te ene dee Ccenter sections) (22.14) 
Q2 =Q,, (Ao/Ago)?— 30/4 (cpemHHe 3BertbA), 
Q8 = Qy (Ao/ Ayo)? — 1/8 (KpaltHve SBeHDA). | : end sections) (22.15) 


We shall briefly deal with the problem of synthesizing a bandstop filter. A band- 
pass filter is taken as the prototype here. By applying the transformation (22.2) 
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to it, we obtain a bandstop filter. The Chebyshev frequency characteristics of the 
bandpass and bandstop filters are shown in Figure 22.4. As can be seen from Figure 
22.4, the cutoff frequencies for the bandwidth and the insertion losses are the 
same for both filters: 


| Vap nine = Vap 1130 =S,- V—np nne = V—np 1130) (22.16) 
Liprno=Lnpn3e, Lanne= Ls n30. (22.17) 


{nnd = bandpass filter; nab = bandstop filter]. 


The conversion (22.2) transforms the cutoff frequencies of the stopbands and the 
loaded Q's of the tuned circuits: 


(22.18) 


~ (vsnme/S) (ven30/S)=1, (22.19) 


{Qx nn S) (Qx nse S) = 1. 


When equalities (22.18) and (22.19) are observed, the number of sections in both 
filters is the same. 


Yet another type of filter is used in the microwave band which does not have any 
analog at lower frequencies: the stepped filter. It consits of line sections of 
equal length and different input impedances. In contrast to a stepped matching 
transformer (taper), the change in the characteristic impedance from step to step 
takes place nonmonotonically here. The design procedure for a stepped filter is 
based on the use of a stepped transition as the prototype. The frequency response 
of a Chebyshev stepped filter is described by the formula: 


L=14Ti(sin®/S), (22.20) 


where 4 is the electrical length of one step. 


A comparison of the frequency responses of a filter and a transition show that 

the frequency response of a filter is shifted by 1/2, i.e., there where the transi~ 
tion has a stopband the filter has a passband. The length of the step amounts to 
half the resonant wavelength. The filter bandwidth is twice as narrow as the 
bandwidth of the transition. 


Thus, the solution of the problem of prototype synthesis of a bandpass microwave 
filter is completed with the determination of the number of filter sections and 
the calculation of the loaded Q's of the resonant systems of the sections. 


At the present time, tables and auxiliary computed graphs are given in the refer~ 
ence literature for the parameters of filters which are encountered most 
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frequently in practice, for example, [1, 4, 5, 014], because of which the design 
calculations of a filter prototype are speeded up substantially. 


Figure 22.4, The frequency responses of 
Chebyshev bandpass and bandstop 
filters. 


Key: 1. Bandpass filter; 
2. Bandstop filter. 





22.3. The Structural Execution of Microwave Filters 


The execution of the structural design of the filters in the microwave band can 
be extremely diverse. 


A spatial resonator is used as a microwave resonator. With careful fabrication, 
it has an extremely high Q: up to 15,000 - 20,000 in the centimeter band and. 
dimensions which are too large. For this reason, it is used in the short wave 
portion of the centimeter band and the millimeter band as the resonant systems of 
a filter for very narrow band filters. 


The major types of resonators of microwave filters are the resonant sections of 
transmission lines, which are open circuited, short-circuited or loaded into 
reactances. 


As is well known, short-circuited and open circuited line sections, the length of 
which is a multiple of a whole number of quarter-wavelengths possess resonant 
properties. Such systems, just as volumetric resonators, are multiple resonance 
systems. The inherent Q of a resonant line section with a T-mode is defined by 
the formula: : 


. Qo= nV e/a, | (22.21) 
where a is the coefficient of attenuation in the line. 


The natural Q of coaxial and stripline resonators, filled with a dielectric, 
amounts to 250 to 400 in the decimeter band. For resonators filled with air, the 
Q is increased up to 500 to 600. For waveguide resonators, the natural Q can 
be calculated from the formula: 


= (42Y. (22.22) 


Gn dg 





A waveguide resonator has an inherent Q of several thousand at centimeter 
wavelengths. 
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- The topology of a half-wave resonator using striplines is depicted in Figure 22.5a. 
The equivalent circuit of the resonator is shown in Figure 22.5b. When the center 
of the resonator is shifted (Al), the amount of its coupling to the line changes, 
i.e., the loaded Q changes. The greater Al, the higher the loaded Q of the 
resonator. 


The structural design of a three-section stripline bandstop filter with quarter- 
wave coupling is depicted in Figure 22.6. The degree of coupling is adjusted 
by means of the gap between the main stripline and the end face of the resonators. 


As a rule, microwave filters are transmissive devices. For this reason, through 

transmission resonators find the greatest application in them. We shall deal in 

more detail with two types of transmissive resonators: a waveguide bounded on two 
sides by reactive inhomogeneities, and a resonator made with coupled striplines. 

These resonators find the greatest applications in microwave filters. 


A waveguide resonator is depicted in Figure 22.7. It takes the form of a waveguide 
bound2d at the end faces by reactances, in this case, inductive stops with a nor- 
malized susceptance b. The resonant length of the resonator for the case of 
inductive susceptances of b < 0 is determined from the formula: 





Dime pee ered BON ez peg 
lo = = (nx arctg ar} n=1,2,3,... (22.23) 





° 


(b) 


Figure 22.5. A stripline resonator. Figure 22.6. A bandstop filter. 


Figure 22.7. A resonator in the form of a line 
limited by inhomogeneities. 
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Ee [7 Bese: | Figure 22.8. A waveguide bandpass filter. 


Figure 22.9. A bandpass filter resonator using 
coupled striplines. 








The loaded Q of the resonator is:. 


Qu = VEE (te (ox + arctg i} | (22.24) 


For large and small values of b, formula (22.24) can be simplified. When |p| > 50, 


= 2s ( da J) ree 


and for small values of |b|, the quantity arctan(2/|b|) + +1/2 and: 


* 


Qu = 161 (4m) (na ste 2) (22.26) 


For a filter with quarter-wave couplings, the spacing between adjacent sections is 
determined from the formula: 


(22,27) 
Ty, Ati™ = (m—1) hel — ie m=1, 2, « 


An array of inductive stubs and inductive stops is used as the reactive inhomo- 
geneities in waveguide transmissive resonators. The natural Q's of centimeter 
band resonators with inductive stubs amount to 1,500 to 2,000, and with inductive 
stops, 3,000 to 4,000. 


A three-section bandpass filter with quarter-wave couplings is depictéd in 
Figure 22.8. The susceptance here is formed by the array of three inductive 
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7 stubs. The capacitive screws, which are placed in the center of each resonator, 
are intended for the experimental alignment of the filter. 


[4 4] 
: 


Figure 22.10. A bandpass filter. 


Another widely used through transmission resonator is a resonator made with 
coupled striplines. The resonant sections of line are coupled together with 
distributed electrical and magnetic coupling. Filters using such resonators are 
small, structurally simple, and their production can be automted. The resonator 
of a bandpass filter using coupled lines is depicted in Figure 22.9. In it, ¢ is 
the electrical length of the coupling section, at the frequency equal to % = m/4. 
The free arms of the’ line can be short-circuited as depicted in Figure 22.9, or 
open-circuited. The loaded Q of a resonator circuit using coupled striplines 
is defined by the approximate formula: , 


Qioad = On = Ar, (22.28) 


where xr is the coupling resistance, determined by the structural parameters of 
the line: the width and thickness of the strip, the spacing between the bases and 
the spacing between the coupled striplines. The gap between the striplines 
exerts the major influence on r. Formula (22.28) yields better precision, the 
greater Qload is. The error in the calculation when Qload > 20 does not exceed 
1%, and when Qload = 5, it increases up to 8%. 


The working attenuation function of a resonator using coupled striplines is: 


L=1+( i —rsin@) = cost, - (22,29) 
rsin® .p t 





It is convenient to calculate the coupling resistance r in terms of the cross- 
talk attenuation of a directional coupler made with coupled lines: 


(22.30) 
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By means of series connecting the sections, one can obtain a bandpass filter. The 
direct connection of the filter sections is depicted in Figure 22.10, where only 
the conducting strip is shown. 


A variant of a stripline bandpass filter is a filter using opposing stubs. 


22.4. A Design Procedure for Microwave Filters 


The technical requirements placed on microwave filters can be extremely diverse. 
First of all, the frequency characteristics of a filter are important. Additional 
requirements can be placed on filters which follow from specific operational or 
production features. It is not always possible to meet all of the technical re- 
quirements. The designer should have a clear-cut idea of the entire complex in 
which the filter will be used. 


The frequency properties of a filter are usually specified in terms of the para- 
meters fpr, f-pr, Lpr, fz, f-z and Lz. Filter design begins with the selection of 
the frequency response. We shall make one note: for a Chebyshev filter with an 
even number of sections, the normalized output resistance Rout is not equal to 
unity, but rather to tanh2(8/4), i.e., an ideal transformer is needed to match the 
filter to the line. For this reason, Chebyshev filters with an even number of 
sections are rarely used: it is simpler to add one section. 


In the following design step, the number of sections is determined by using formulas 
(22.7) and (22.8). 


Then it is necessary to select the type of resonator coupling: direct or quarter- 
wave. The length of a filter with direct coupling is less, and therefore, if 
strict limitations are placed on the filter length, then a direct connection of 
the sections is selected. Stripline filters are also most often direct coupled 
filters, something which is explained by their structural compactness. 


The length of quarter-wave coupled filters increases somewhat because of the 
connecting line section. A merit of such filters is the smaller amount of coupling 
between the sections, which makes it possible to independently tune the filter 

- section by section. The ohmic losses in filters with quarter-couplings is less, 
and the calculated characteristics are in better agreement with the actual ones, 
which is explained by the lower values of the loaded Q's of the individual reso- 
nators. The fabrication tolerances are less stringent here. A drawback to quarter- 
wave coupled filters is the considerable length and limited bandwidth, which should 
not exceed 154, 


The subsequent design consists in finding the loaded Q's of the prototype filter 
sections. The calculations can be. made using formulas (22.9) - (22.13), or what 

is simpler, by making use of the extensive reference literature [1, 5, 014]. Then 
the problem of the practical realization of the resonators’is solved. In this case, 
first the type of line, resonant frequency and passband are selected. The design 
calculation procedure is governed by the specific type of resonator and is not 
given here. 
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We shall limit ourselves to some recommendations are general guidelines. Very 
narrow band filters with a bandwidth of 0.5 to 1% can be realized only by using 
high Q systems: spatial resonators, waveguides and air filled striplines. 


Waveguide filters are used at frequencies 5 to 10 GHz. The majority of these 
filters are through transmissive resonators with quarter-wave coupling (figure 22.8). 
If the resonator is formed by inductive stubs, then the filter bandwidth is limited 
to 20%. With a greater bandwidth, stubs are needed which prove to be too thin to 
replace with inductive stops. The tuning screws of the sections make it possible 
to change the resonant wavelength of a resonator by 3 to 5%, 


Stripline filters are used in very wide range of wavelengths from tens of deci- 
meters up to 3 cm. At longer wavelengths, the dimensions increase greatly and at 
shorter wavelengths, the requisite fabrication precision increases. Stripline 
filters using resonators with end coupling are designed for wavelengths of 60 to 
4 cm and bandwidths af 0.5 to 5%. With a greater bandwidth, the gaps between the 
sections prove to very small. Stripline filters using opposing stubs operate 
well at wavelengths of 70 to 5 cmwith bandwidths of 2 to 50%. They are quite 
compact and well suited for production, and for this reason have found very wide- 
scale application. 


A common drawback to stripline filters is the difficulty of experimentel alignment, 
which is accomplished by changing the dimensions of the conducting stripline. 


Coaxial filters are used at decimeter and meter wavelengths. 


The geometric dimensions of resonators and other filter components are calculated 
based on their equivalent circuits and using reference literature [1, 3, 4, 7]. 


For transmissive waveguidel resonators and end coupled stripline resonators, the 
length and loaded Q of a resonator can be determined form formulas (22.23) - 
(22.27). 


Microwave filters are manufactured in accordance with the third precision class 
with a purity of the current carrying surfaces of no worse than V6 ... V7. 


If the ohmic losses a ina filter do not exceed 1 dB, then they have little 
influence on the frequency response, shifting it along the ordinate. 


We will note that literature has appeared in recent years which is devoted to 


automated (computer) filter design. The use of a computer makes it possible to 
vary the change in many filter parameters, optimizing-its requisite characteristics 


[6]. 
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CHAPTER 23. DIRECTIONAL COUPLERS AND DIRECTIONAL FILTERS USING COUPLED STRIPLINES 


Stringent requirements for cost reduction, increasing reliability as well as 
reducing size and weight are placed on microwave band radio equipment, ancluding 
antenna arrays, both with mechanical and electrical scanning. 


These requirements can be met to a-certain extent by using strip transmission lines 
in the antenna arrays. They are used as the channelizing feeder system in the 
decimeter band, and serve as the basis for the realization of individual feeder 
channel components in the decimeter.and centimeter bands (power dividers, direc~ 
tional couplers, filters, etc.); the use of lumped reactive elements make it pos- 
sible to use striplines in the meter wavelength range also. 


The use of striplines in antenna arrays makes it possible to realize structures 
which are more suited for production and have low size, weight and cost. 


o To be numbered among the drawbacks of stripline structures are primarily the high 
losses (especially ini:the centimeter band) as compared to waveguide and coaxial 
transmission lines. 


When comparing the possibilities for using microstripline and stripline elements 
in antenna equipment, one must keep in mind the following. The use ofvmicrostrip- 
line elements is expedient and justified when fabricating individual components 
and assemblies for both active and passive antenna arrays (phase shifters, mixers, 
converters, amplifiers, etc.). However, in excitation circuits for antenna 

arrays (the simplest series and parallel circuits or more complex ones with a 
large number of directional couplers and filters), the advantages of microstrip- 
line construction are lost because of the considerable losses in a long feeder 
channel. 


Questions of design:calculations and planning of directional couplers (NO) using 
coupled lines as well as loop type directional filters (NF) designed around direc- 
tional couplers are treated in this chapter. 


Directional couplers are used in antenna arrays primarily for the following: 


--To obtain the requisite iamplitude-phase distribution in the radiators of an 
array; 


--To decouple the radiators of an array, something which is especially se 
for correct operation of a phased array; 


--In compensating circuits to reduce the influence of the affect of the change in 
input impedances of radiators during electrical beam scanning of a phased 


antenna array; 


--As elements of more complex radio frequency assemblies (phase shifters, 
amplifiers, etc.) 


- 417 - 


FOR OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


Directional filters find application in transceiving (reradiating) antenna arrays 
for the segregation of the receive and transmit channels. 


23.1. The Classification of Directional Couplers and Filters and Their Operating 
Characteristics 


A directional coupler is an eight-pole system. The directional coupler transmis~ 
sion line through which the greatest power flows is called the primary line, while 
the line in which a part of the power is split off is called the secondary line. 
Directional couplers with three types of directivity are shown in Figure 23.1. 


The major characteristics of directional couplers are: the crosstalk attenuation, 
the directivity, the decoupling, the matching of the arms of the coupler to the 
input feed lines (SWR), the phase relationships for the voltages in the output + 
arms and the working attenuation in the primary line. 


The crosstalk attenuation is defined as the ratio of the primary line input power 
to the output power of the working arm of the secondary line. For example, for 
the coupler depicted in Figure 23.la, the crosstalk attenuation is: 


Cis = 10 Ig (P,P). (23.1) 


The directivity is the ratio of the powers at the output of the working and non- 
working arms of the secondary line. For example, for Figure 23.la, the directivity 
is: 

Cu = 10 Ig (P,P). (23.2) 
The decoupling [isolation] is defined as the ratio of the primary line input 


power to the output power of the secondary line nonworking arm. For the eight- 
pole network of (Figure 23.1la): 


(23.3) 
Ou == 10 Ig (P,/P,). 


The working attenuation of the primary line is defined as the ratio of the powers 
at the input and output of the primary line. For Figure 23.1la: 


ane cies lett: (23.4) 
Cis = 10 Ig (P,/P3). 


The matching of the directional coupler arm with the input feed line is charac- 
terized by a standing wave ratio which is measured from the input arm of the 
directional coupler, when matched loads are connected to the remaining arms. 
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Devel To determine the band coverage properties 
of directional couplers, the major charac~ 
teristics are determined as function of 
frequency (wavelength). 


Depending on the crosstalk attenuation 

\c » directional couplers are broken down 
into devices with strong coupling (|c| = 

= 0,..10 dB) and weak coupling Ciel > 10 dB). 
Directional couplers which have different 
power levels in the output arms (|C| = 

= 3.01 dB), fall in a special class of con- 
figurations: hybrid or 3 dB directional 





® (ce) couplers. 

Figure 23.1, Three types of direc- Of the small directional couplers used in 
tional coupler direc- . practice, the following have become the 
tivity. most widespread: 


1) Coupled line couplers are the most 
compact broadband devices with respect to 
the frequency characteristics of the work- 
ing parameters; they make it possible to 
realize both strong and weak coupling; 





Figure 23.2. A diredtional filter 2) Loop couplers are the simplest to fabri- 
in the form of an cate and provide for the simplest topo- 
eight-pole device. logical configuration of the output networks 


in mixers, phase shifters and switchers for 
active phased antenna arrays; 


3) Cascade coupled line couplers make it possible to increase the bandwidth of the 
device with a slight increase in structural complexity. 


Directional filters are eight-pole devices which are used for the frequency 
segregation of signals. If a microwave power source is connected to one of the 
filter arms, for example, to arm 1 (Figure 23.2), then at a certain frequency fg, 
almost all of the power will go to arm 2 (the directional coupling arm). With 

a change in frequency, a redistribution of the microwave power flux takes place: 
the power in arm 2 is reduced, while the power in arm 3 (the direct coupled arm) 
increases. If a matched load is connected to the arms of the filter, then with a 
change in frequency, practically no power is split off to arm 4 (the isolated arm). 


Directional filters are made as loop:types, with capacitive coupling and with 

7 quarter-wave coupling lines. We shall treat questions of the design calculations 
and structural design of single loop directional filters which use directional 
couplers with coupled lines. 


The main characteristics of.directional filters are: the insertion loss factor 


for the directional coupling circuit; the attenuation factor for the direct 
coupling circuit, as well as these factors as a function of frequency. 


7 419 7 
FOR. OFFICIAL USE ONLY 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP8&2-00850R000500040020-0 


APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500040020-0 


FOR OFFICIAL USE ONLY 


The insertion loss factor (attenuation coefficient) for the directional coupling 
circuit is defined as the ratio of the primary line input power to the output power 
of the working arm of the secondary line (Figure 23.2): 


Lair.coup. 7  Lae= !0lg(Pi/P2). (23.5) 


The ratio of the powers at the primary line input and output is called the attenua- 
tion factor for the direct coupling circuit: 


Lair.coup. ~ Lege = 10 Ig (P1/P5)e 


(23.6) 


The matching of a directional filter to the input feed line is characterized by the 
SWR. 


The definition of the directivity for directional couplers and directional filters 
coincides with (23.2). 


Directional couplers and filters can be designed around two types of striplines: 
symmetrical (Figure 23.3a-c) and asymmetrical (Figure 23.3d). A drawback to an 
asymmetrical stripline is the lack of shielding (the impossiblity of designing 
"nultistory" modules around them), and the elevated losses due to radiation losses 
in the line where « < 10. The expediency of using asymmetrical striplines with a 
high relative dielectric permittivity e > 10 (they are called microstriplines) was 
discussed at the beginning of the chapter. 


Questions of the design of directional couplers and filters using coupled sym- ; 
metrical striplines will be treated in the following. The major parameters of such 
lines (characteristic impedance, attenuation, Q and ultimate power) are related 
to the geometric dimensions (the thickness t and width w of the conducting 
strip, thickness b and width a of the substrate) as well as its type (configur- 
ation, dielectric permittivity, specific conductivity of the material). 


A detailed procedure for calculating the geometric dimensions of a stripline for 
a specified characteristic impedance is given in [014, 015, 1-6]. Also given 
there are the types of substrates and the limitations on the dimensions of a 
symmetrical stripline with a transverse electromagnetic wave are treated. 


23.2. The Main Design Equations for Single Section T Mode Coupled Line 
Directional Couplers 


Parallel Coupled Lines. Lines of various configurations (Figure 23.4) can be used 
in T-mode coupled line directional couplers. 
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Figure 23.4. Coupled symmetrical striplines of various 
configurations. 


Primarily the following are used in directional couplers with loose coupling: 
striplines with thin conductors (Figure 23.4a); striplines with thin conductors 
coupled through a slot (Figure 23.4b); striplines with circular inner conductors 
(Figure 23.4c). The following are used in directional couplers with strong 
coupling: striplines with two thin inner coriductors, parallel to the outer plates 
(Figure 23.4d); similar striplines with displaced conductors (Figure 23.4e); an 
insert type configuration with thin conductors (Figure 23.4f); striplines with 
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with two thin inner conductors perpendicular to. the outer plates (Figures 23.4g) 
and those with thick rectangular rods (Figures 23.4h). 


The use of a line with a particular configuration depends on many factors. However, 
configurations shown in Figure 23.4a is most frequently used for loose coupling, 
directional couplers with sidewall coupling, while the figure of 23.4d for the 

case of strong coupling is used for directional couplers with end face coupling. 


a) (a) 4 (b) - = Be) : 2) (d) 


Figure 23.5. The electrical lines: of force in coupled striplines with 
even and odd excitation. 


Design Equations. Identical coupled lines represent a symmetrical eight-pole | 
network, the analysis and synthesis of which can be accomplished by means of a 

- classical transmission matrix or using wave transmission and scattering matrices 
with the symmetry analysis technique. In accordance with this method, the task 
of studying a directional coupler using identical coupled lines reduces to the 
description of the processes in the two pairs of four-pole networks for the case 
of in-phase (even) and out-of-phase (odd) excitation (Figure 23.5). 


The scattering matrix of an ideally matched directional coupler using coupled 
lines with isolated arms (1 and 4 in Figure 23.1a), where this coupler represents 
a symmetrical eight-pole network, has the form: 


0 S19 813 o7 
ss 0 0. Bs 


(S] = 513 0 0 Sis 7 (23.7) 
0 Siz 83 0 
where (gta Oe 
_ Vi=Kicos ©+ jsin® 
Vi—kK 
83 2 
Vi=Kicos +4 sin © 
$= 1; 34,=0; 
In this case: 
K = fos Pow, gy. 2H) (23.8) 
Pou-|- Por A’ 
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Poy and pogy are the normalized characteristic impedances for even and odd excita- 
tion respectively; A = A/ve ..is the wavelength in the stripline; 1 is the length 
of the coupling line; A is the wavelength in air. 


It must be kept in mind that the following relationships hold true: 


[Siz )?-+| Sig [?= 1 | | (23.9) 


is the unitary condition for the scattering matrix; 


ices a (23.10) 


is the condition for ideal matching and isolation. 
It follows from formulas (23.7) and (23.8): 


1. The power distribution between inputs 3 and 2 of the directional coupler 
(Figure 23.1la) depends on the electrical length of the coupling line ¢. As a 
rule, we choose: 


l= A,/4 (D = x/2), (23.11) 


where Ag is the center wavelength of the working frequency band, defined in the 
transmission line (Ag is the center working wavelength; e is the relative. 
dielectric permittivity of the substrate). At this wavelength, the scattering 
matrix element S12 (or the coupling) is maximum, while the absolute value of the 
coupling eels between the lines at the center frequency when 6 = 1/2 is 
equal to K | and is defined by expression (23.8). 


2. The phase difference in the signals at output 3 and 2 amounts to 90°, which is 
easily established from (23.7): 


arg (Sia/S1a) == 7/2, 


where the signal phase leads at output 2, which follows from (23.7), (23.8) and 
the inequalities pg even > Po odd and K > 0. 


It is convenient to represent formulas (23.7) and (23.8) in the form: 


__Ksind’ elt 


Ss 20= ’ : 
, | Vir Rreore K? cos? @ ‘ (23.12) 
___ Vik ae w/2), 
Sjy = Vi-Koto ao (23.13) 
where 
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= —arete 3 eo), (23, 34) 
pou=VOTF RIK), Pon =VO RTL, (23.15) 

At the center frequency of the passband (1 = AQ/4): 
(23.16) 


|st2/*=1—|stsP=K% 
In accordance with expression (23.1)-(23.4), we write the main characteristics 
-of coupled line directional couplers, assuming for the sake of definition that 


arm 1 is the input arm (Figure 23.1la): 


The voltage standing wave ratio at the input: 


— Aleut . (23.17) 
Ker= 1—js il € 
The crosstalk attenuation: Sona: oe -os 
Cy. = 101g ——— 
ae ae (23.18) 
The working attenuation 7 : 
Cy, = 10 lg- ——— 
' OTear (23.19) 
The isolation C 101 ! 
“a a g 15362? ® (23.20) 


The directivity: 


C.=1 2 [S12 |? 
- Olg 181? a (23.21) 


Bandwidth Properties. It follows from expressions (23.12) - (23.15) that the 
quadrature relationships between the voltages in the output arms of directional 
couplers using identical coupled lines are preserved at all frequencies. 


The elements $1] and S14 of the scattering matrix are equal to zero at all frequen- 
cies if condition (23.10) is met, i.e., in this case the directional coupler is 
ideally matched (SWR] = 0) and possesses ideal isolation C14 + © (the directivity - 
Cz4, + ©). 


By substituting (23.12) and (23.13) in (23.18) and (23.19), we obtain: 


= Che FAC, 
Zs ia (23.22a) 
an : (23.22b) 
where 
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AC = 10 lg{1 + (1K) etg* }; eee ae) 
C,,= iat (23,23a) 

Cis = 101g = (23.23b) 
AC,, = 10 1g (1 —K? cos? ®), (23 23 ) 

. c 


In the expressions given here, cP and 095 are the directional coupler parameters 
at the center frequency of the band; ACy2 and AC 13 are the deviations in the direc- 
tional coupler parameters from their average value within the working frequency 
band. go eit Na Dene 
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Figure 23.6. The frequency responses of the crosstalk attenuation of 
a directional coupler using coupled lines. 


TABLE 23.1 : 
The frequency characteristics of the cross- 
talk attenuation, calculated in accordance 
with (23.22a) - (23.22c), are shown in 
Figure 23.6 and together with Table 23.1 

3 5| 10 | 20 | 30 | 40 (Afo.5 and Afo.2 are the bandwidths in 

- percent at the 0,5 and 0.2 dB levels of 

Afo,s» % | & |: 55 | 48 | 45 | 44 | 43 deviation from of respectively) make it 





possible to estimate the bandwidth proper- 


Re gee We i he cae 
ties of very simple directional couplérs 
ee E e | ar «| | using coupled lines. When C{2 +, Afo.5- 
— ee rn ee tends to the ultimate value of 42%. 


Directional Coupler Operation with Unmatched Loads. A detailed study of the 
impact of unmatched loads with complex reflection factors Tj, [9, T3.and Tuy, 
connected to the corresponding arms 1--4 of a coupled line directional coupler 
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on its major characteristics is made in [015]. A conclusion of practical import- 
<sace follows from [015]: that it is necessary to carefully fabricate the coaxial 
to stripline (or waveguide to stripline) junctions, the points where the direc- 
tional coupler joins other radio frequency assemblies, which are the major sources 
of inhomogeneities, so that lr; | < 0.05; in this case, all of the major character- 
istics of the directional coupler will differ to an insignificant extent from the 
nominal values. 


23.3. Extended Bandwidths Directional Couplers Using Coupled Lines 


The bandwidth of coupled line directional couplers can be extended by increasing the 
number of sections of equal electrical length % which are cascaded together. Such 
multiple section directional couplers, although they make it possible to obtain 
multiple octave bandwidths, are nonetheless larege in size as compared to the 
extremely simple directional couplers described in the precious sections, something 
which makes it difficult to use them in antenna arrays. Design relationships are 
given in this paragraph for a compact tandem directional coupler, in which a cascade 
configuration of two directional couplers, HOl and HO2 (Figure 23.7), is used to 
widen the bandwidth. 


eet ere oes ae With such a configuration, the production 
process realization of a directional coupler 
with strong coupling is also simplified and 
the requirements placed on the tolerances 
during coupler fabrication are reduced. 
Generally speaking, several directional 
couplers can also be connected in a similar 
manner. When a signal is fed to arm 1, out- 






Ss ee ee eee 





ed 


20 —o4 : : ; 
b—~————~——— 4 put signals appear in arms 4 and 3; arm 2 is 
decoupled. A tandem directional coupler 
Figure :23.7. The topology of a [10] is a symmetrical eight-pole network 
tandem directional with the coupling shown in Figure 23.1b; for 
coupler consisting of it, we shall use symbols with a subscript 
two directional. . .. "T"; the crosstalk attenuation is Cj47, the 
couplers. working attenuation is C137, the directivity 


is C4ot and the decoupling is C127 (cf. 
formulas (23.1) - (23.4)). 


The parameters Cyn T are defined on analogy with (23.18) - (23.21), with the sub- 
stitution of Smn T for Syn, where Smn T are the elements of the scattering matrix 
of the tandem directional coupler, which are found by known methods in terms of’ the 
scattering matrix smn for HOl and HO2 (Both HO's [directional couplers] are assumed 
to be identical: Kj = Kg = K, while the connecting sections are equal). 


Then: 


__arsin® (23.24) 
(cos @ +5 Vi--Asin o)* 


Sigy = 
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ae _ 1a Ast — 
T  (cos® + Vi-+rsin o)* * 
S12, = 0, Suz = 0, 


(23.25) 


where r = K/v¥1 - K2; $ is the electrical length of the coupling region of HO1 and 
HO2; K is the coupling coefficient at the center frequency for HO1 (or HO2). 


At the center frequencies (¢ = 1/2): 


| Sfor |= Ky=2K ) I—K’, (23.26) 
[siseP=1—[sferP 
7 ; . (23.26a) 


Expression (23,26) defines the crosstalk attenuation of a tandem directional 
coupler (Kp) based on the known coupling coefficient K for HO1 (or HO2); the 
inverse relationship to (23.26), which takes into account the feasibility of the 
directional couplers comprising the tandem configuration is: 


Gy 00 K=V1—V 1—k: /V2. (23.27) 
The crosstalk attenuation as a function 


of frequency is: 


St9| = 2K VIER sin © (23.28) 








1 — K24- K®sin?@ * 
Then: 
et ge 
Cur = 10 Ig Tia =: Char + AC,,., 
(23.29a) 
3010 90 0 1300 
ao 46 08 «10 «tk where: nyo apy, ts 
: Cie = 10 1g Shas = 
Figure 23.8. The frequency character- ea (23. 29b) 
istics of the coupling me 10 i ee : 
[coefficient] of tandem 4K3(1—.K4) 
directional couplers using 
coupled lines. determines the coupling at the center 
frequency (¢ = 1/2); 
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ACua= 101g(-—E sey 


(23.29c) 


is the deviation of the coupling of the tandem directional coupler from the 
average value in the working frequency band. 


FABLE 23,.2 








Chr Jo} al 


eos 


| 190 60 | Ho 





“& 
Afos | a «| 82 
| Af: | 40 | 10 | 75 | 70 | 65 je [35 | | 48 «| 44 


The frequency characteristics of the coupling coefficient, calculated in accord~ 
ance with (23.28)--(23.29), are shown in Figure 23.8 and in conjunction with 
Tables 23.2 (Afg,5 and Afo.2 are the bandwidths in percent at the 0.5 dB and 0.2 
dB levels for the deviation from CY2T respectively) make it possible to estimate 
the bandwidth properties of extremely simple tandem directional couplers using 
coupled lines. . : , 


| 105 | 10 E w | 98 


It must be kept in mind that the electrical lengths of the sections 2'-2" and 3'-4", 
which join the directional couplers (Figure 23.7), are to be made identical. 


23.4. The Characteristic Impedances of Coupled Lines in the Case of in-Phase and 
Out-of-Phase Excitation 


It should be noted that the expressions cited in §23.2 are valid for directional 
couplers using identical lines regardless of the configuration of the latter. The 
structural (geometric) dimensions and the electircal characteristics of directional 
couplers are related by means of the characteristic impedances for the case of 
in-phase (even) 99 even and out-of-phase (odd) po ggq excitation. 


The determination of the values (9 eyen 294 Po ogg Tepresents a rather complex 
mathematical problem, for the solution of which three main methods are used: the 
solution of Laplace's equation with boundary conditions, a solution using the 
technique of conformal mapping and the precise calculation of the stripline capaci- 
tance. 


Coupled Striplines with Lateral Coupling (Figure:23.4a). For a zero thickness 
(t/b = 0), the precise value of the characteristic impedance pg eyen is computed 
from the formula: 


sowed Khe) (23, 30a) 
Pore Kiba’ . 
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where K(ki,) is a complete elliptical integral of the first kind; 





y= th ($=)tn = et), k= VI=R. (23. 30b) 


The precise value of the characteristic impedance is: 


= | _ on K(ey (23.31a) 
Po : = aoe 2 -74a 
odd Pon Ve K (kn) , 


nin(£2)emn(2t2); he VIZE. 





where: 
ka 


i 


(23.31b) 


One can employ the following formulas with a high degree of precision (an error of 
less than 1% for w/b < 0.35), when calculating po even and pq oqq for conducting 
strips of zero thickness: 


i” ee (23. 32a) 
qo a : 
24 = It th (SS } 
: _ ‘cue 
ee een eae 
uw osdInd st aS. 
= + —+ A in{i+etn( % )} (23. 32b) 


The values of 99 even and pg ogg a8 a function of the geometric dimensions of the 
coupled lines are shown in Figure 23.9 in the forms of nomograms. A straight line 
joining the specified values of pg eyen aNd 09 odd» positioned on the outside 
scales, will yield the value of w/b and S/b at the intersection of the center 
scale. 


Striplines with Lateral Coupling. (Figure 23.4b, c and h). For coupled striplines 
with conductors having a thickness greater’ than 0 (t/b # 0) (Figure 23.4h), the 
formulas for the calculation of pg even and £9 odgq and the corresponding tables 
and graphs are given, for example, in [1, 6]. The values of po even and 0 odd 

are calculated for the configuration of Figure:23. 4b using the formulas in (i, 5] 
and for the configuration in Figure 23.4c, using the formulas in [5]. 
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End Face Coupled Striplines (Figure 23.4d). The equations for pg eyen 2nd Po odd 
of coupled striplines of zero thickness (t/b = 0) with end face coupling have the 
form: 


—_ —__188,3/Ve___ (23. 33a) 
~ w/(b—S)-+ (In 4)/n-+-C/meg 

paaie 188,3S/6Ve_ 
P0 odd = w/(b—S)+Cjnea (23.33b) 


P0 even ~ Pos 


<= Se in —In( —+). 
where: . &g . b—S Ss: 6 


These equations are valid when 


w/b > 0.35 = wh>035, (23. 33c) 


YEPoy,0" Vey," Wb Ney, ln 
- 0 





Figure 23.9. Nomograms for the determination of the dimensions S/b (a) 
and wb (b) in coupled striplines for specified values of 
p [characteristic impedance with in-phase (even) -excita- 
tion] and'po,, [characteristic impedance with out-of-phase 
(odd) excitation] 
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Figure 23.10. The geometric dimensions of coupled striplines with end-face 


coupling. 


If these conditions are not met, the precision of the conformity of the dimensions 


to the characteristic impedances decreases. 


The dimensions of coupled striplines are shown in Figure 23.10 as a function of 


the characteristic impedance 09 eyen for the case of in-phase excitation. 


To take 
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the finite thickness of a conductor into account (t/b # 0), one should use Kon's 
corrections [5, 6]. 


Striplines with End-Face Coupling (Figure 23.4e-g). To calculate pq ogg and 

Po n for the configuration depicted in 23.4e, one must make use of the results 
of 137; the characteristic impedance of the lines shown in Figure 23.4f, g were 
treated in [5]. 


Coupled microstrip lines with end-face coupling (a configuration similar to 
Figure 23.4a) are treated in [014, 015]. 


23.5. The Relationship Between the Structural and Electrical Characteristics 


A Stripline Directional Coupler with Lateral Coupling (Figure 23.4a). The rela- 
tionship between the structural and electrical characteristics is determined from 
expressions (23.32a) and(23.32b) after substituting 99 pyen and Po ogq from 
(23.15) in them and after the appropriate transformations. en: 
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Figure 23.11. On the determination of the geometric dimensions of directional 
couplers with side coupling. 
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Sean [et 94; 15K | (23.34) 
me Po Ve VI—K? 

w 94,15 THK 

b Po Ve IK x In (2(1 +- exp %)], (23.35) 


where - 


x= —188,3nK/pyp V2 VIR. 


S6 
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Figure 23.12. On the determination of the geometric dimensions of directional 
couplers with end-face coupling. 


Values of the structural parameters S/b and w/b are shown in Figure 23.11 as a 
function of the coupling coefficient at the center frequency Cj? = K for pg = 

= 50 ohms at values of the relative dielectric permittivity of the subsrate e of 
from 1 to 3. 


It is useful to employ extensive material from graphs and tables (especially when 
the ratio t/b # 0) in the calculations [6]. 


For K < 10 dB, the dimension S can become infeasible either structurally or in 
terms of the production process, and then it is preferable to employ end face 
coupling (see Figure 23.4d). 
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Stripline Directional Coupler with End-Face Coupling (Figure 23.4d). The relation- 
ship between the structural design and electrical characteristics is determined by 
expressions (23.33a) and (23.33b): 


Saye (ER Vent), (23.36) 

| b 14K 14K 188,30 

SL EV ERAS 
(SHEERS an 


Curves for the parameters S/b and w/b are shown in Figure 23.12 as a function of 
the coupling coefficient at the center frequency C]2 = K for p9 = 50 ohms and for 
various values of ¢€. The limitations imposed on (23.36) and (23.37) as well as by 
inequalities (23.33c) reduce the accuracy of the relationship of the geometric 


dimensions and the coupling coefficient iin the region falling below the dashed 
lines. 


To determine S$ from the ratio S/b found from (23.36), the following relationship 
should be used (see Figure 23.4d): 


=e (23.38) 


w/e S/b ies , Wb Sb 





Figure 23.13. On the calculation of the geometric dimensions of a 
3 dB directional coupler with in-phase coupling. 


Stripline directional couplers with end-face 3 dB coupling occupy a special place 
in the design of antenna arrays; the curves for w/b and S/b are shown to these 


couplers in Figure 23.13 as a function of the dielectric permittivity e« for pp = 
= 50 and 75 ohms. 
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23.6. The Major Design Relationships for Single Loop Directional Filters Using 
Striplines 


A single loop directional filter using striplines can be obtained from two direc 
tional filters by connecting terminals 2' - 1" and 4' - 3" (Figure 23.14). 


The design procedure for such directional filters, which presupposes the design of 
the microwave structure around a prototype filter with lumped parameters [5], has 
a number of limitations and in some cases yields a perceptible error, and for this 
reason, we shall give theoretical relationships, the basis for which is the tool 
of wave matrices [7]. Such an approach makes it possible to use the basic expres- 
sions derived in §23.2. 


The scattering matrix of a single loop directional filter with equilateral loops 
and identical coupling (K, = K2 = K), consisting of identical directional couplers 
with coupling sections (HO1 and HO2) of equal electrical length ® (Figure 23.14) 
has the following form (for the sake of determinancy, we assume that the first arm 
1' is the input): 


0 Si2g Sing Oy. (23.39) 
iSl= [2 93 
Sip 9 0  Sixp 
0 Sisg S124 0 


where a “Si2p = 8 2/(1 —'sis) (23.40) 


is the transmission gain of the directional filter from one line to another through 
the directional coupling channel; 


Sing = Sty -++'Sto “Sta/(1— $35) (23.41) 


is the transmission gain of the directional filter from one line to another through 
the direct coupling channel; 


is Sip sss a (23.42) 
Si2 = Size es S13 = S,,e7/®. 


S12 and S13 are determined by (23.12) - (23.14). 


The frequency properties of the various filter networks are defined. by the expres- 
sion for the input losses L as a function of frequency. For the directional 
coupling channel (1'-2" and 3'-4") in accordance with (23.5): 


“air. coup. = Lye == 10 Ig 1 2 . (23.43) 
[Sis] 3 
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Taking (23.39) - (23.42) and (23.12) - (23.14) into account: 


bye= 101g 1+ ( a) 


2VI—Ki 27 
Regs omcens ; 23.44 
yee) A (23.44) 


There follows from the unitary nature of the matrix [Sg] (23.39): 


© 18:26 +1 Sag P= Te (23.45) 


Then, taking (23.6) and (23.44) into account, we derive the following expression 
for the attenuation of the directional filter in the forward circuit (1'-3', 2"-4"): 


ee 


Lye 101g — =101g| 1+ (+= 7® AEF igo) |. 





1 Sisq |? 2Vi—-kKi (23.46) 


Thus, the frequency characteristics of the channels of the filter considered here, 
without taking losses into account, are governed by functions (23.44) and (23.46). 
By analyzing them, one can establish the frequency properties of directional 
filters. 


1. The directional coupling channel behaves as a bandpass filter with periodically 
alternating passbands. The argument of the frequency characteristic is cot%, and 
for this reason, its zeros are located at the points $9 = (2n - 1)1/2, while the 
poles are located at the point %,= nt, n=1, 2, 3... 


2. The forward channel is similar in terms of its frequency properties to a stop- 
band filter. The stopbands alternate periodically, and in this case, the argument 
of the frequency characteristic is tané. The poles of the curve Ly, [forward 
insertion losses] are located at the points $. = (2n - 1)1/2, while the zeros are 
located at the points $) = nm, n=1, 2, 3, ... 


- } , 3. With a decrease in the coupling 

: coefficient K, the passbands and the 
stopbands' are narrowed, and vice-versa, 
with an increase in K both bands widen, 
where these functions are nonlinear. 


Specifically, the indicated relationships 
are established from the following 
considerations. We introduce the approx- 
imating function: 





Figure 23.14. Outline drawing of a 


apres PRCROTECECONAT Lyp = 10 Ig {1 + A8(ctg O/ctg Dn)", (23,47) 
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where 4, is the electrical length corresponding to the edge of the specified 
passband of the directional filter; h is a coefficient which defines the nonuni- 
formity of the frequency response within the passband. 


By equating the right sides of (23.44) and (23.47), and then solving the resultant 
equality for K, taking into account the fact that K (0, 1], we obtain: 


h 3 
k=V i= (Gana) : (23.48) 


At the resonant frequency £09, all of the energy should be transmitted via the 
directional coupling channel; in this case, in accordance with (23.44), Fo = 

= (2n - 1)1/2. To assure the minimum loop dimensions (of the divectional filter), 
one is to set n= 1, and taking (23.8) into account, we have: 


©o= 2/2; fin=fo+Af, Dm —=o falfo = Do halo, (23.49) 
L=Agl4=/4Ve, (23.50) 


where fm(\,) is the frequency (wavelength) corresponding to the edge of the 
specified passband; Af is half of the passband. 


The design of a directional filter is completed with the plotting of the frequency 
characteristics for Lair. coup. (23.44) and Lye (23.46), shown in Figure 23.15 for 
one special case of the values of directional filter parameters. 


23.7. The Influence of Tolerances on the Parameters of Directional Couplers 


When fabricating printed circuit directional couplers and filters, it is important 
to esimate the impact of the structural (geometric) tolerances on such parameters 
as the crosstalk attnuation, isolation and standing wave ratio of the inputs 

(014, 015, 8]. 


Curves for the change in the most important parameters of a side coupled direc~ 
tional coupler (Figure 23.4a) are shown in Figure 23.16 as a function of the 
tolerances for the geometric dimensions: the width of the conducting strip in 
the coupling region w, the gaph §S and the dimension b for various coupling 
coefficients K. Increasing the width by Aw and the spacing between them by 

AS reduces the coupling in a directional coupler by AC, while increasing the 
dimension b causes the coupling to increase. 


It follows from the graphs that with identical tolerances for Aw/w,and AS/S, 
changing the gap S has a great effect in the case of weak coupling and chang- 
ing w does the same with strong coupling. . 


It should also be noted that making the gap S in directional couplers with 


strong coupling |c9| < 10 dB with a precision of even 10 percent (AC < 0.2 dB is 
structurally difficult to do because of the small size of the gap itself. 
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Curves for the crosstalk attenuation (S12), isolation (C14), working attenuation of 
“ the primary line (C13) and the gwr are shown in Figure 23.17 as a function of the 
relative change in the gap (S/Sq) and the width of the conducting strip in the 
coupling region (w/wnom) (wnom is the nominal width of the conducting strip in the 
coupling region) for a directional coupler with end-face coupling (Figure 23.4d); 
the graphs are plotted taking into account the losses in the dielectric substrate. 
It follows from the graphs that making the width of the strips in the coupling 
in the coupling region with a precision of +10%, for example, and the width of the 
gap with a precision of +5% changes the degree of coupling by AC12 + 0.2 dB; in 
this case, C14 > 30 dB, while the SWR< 1.1. The influence of the losses for the 
materials considered here primarily brought about a finite amount of isolation and 
a change in the crosstalk and working attenuations of less than 0.1 dB. 


Figure 23.15. Theoretical frequency responses. 


f/f, = 1.0048 (2Af)/£) = 1%); 


h = 0.5 dB. 
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Figure 23.16. On the influence of tolerances on the dimensions of a directional 
coupler with end-face coupling (pq = 50 ohms, e€ = 2.5. [Ket = SWR]. 
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The curves sh on 

The curves shown in Figure 23.17 make it possible to draw the conclusion which is 
of practical importance that it is possible to construct directional couplers 
with a crosstalk attenuation of 2 to 8 dB only by changing the gap S (Figure 
a with a constant width of the strip in the coupling region (designed for 
CY2 = 5 dB). 


The tolerance for the coupling section length 72 can be easily estimated, taking 
(23.8) into account, by means of the curves shown in Figures 23.6. 


We will note that in the realization of directional filters, it is necessary to 
specify such tolerances for the geometric dimensions of the directional couplers 
(HOl and HO2 in Figure 23.14) that they are equal in terms of their absolute 
value and opposite in sign. 


~ Seah 


Cra, byes oF ens 





a9 70 w/wyom 
4 : 


Figure 23.17. On the influence of tolerances on the parameters of a 
directional coupler with end-face coupling (pg = 50 ohms): 


Solid curves are for CF-2A substrate material; 
Dashed curves are for FAF-4 substrate material. 


On the Precision of the Realization of Printed Circuit Directional Coupler 
Dimensions. In the fabrication of microwave printed circuits using striplines 
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made of foil materials, better precision in the reproduction of the circuit 
dimensions is realized using photochemical technology: down to +0.025 mm (+ 0:1 mm 
when the drawing is-made with Whatman's paper and +0.05 mm when the drawing is 
made on glass). ~~ o 


The process of cutting out the conductors with the requisite configuration can be 
used successfully in the case of nonseries production of striplines; in this 
case, the precision of the reproduction of the major dimensions of a directional 
coupler can be kept within +0.1 mm, and for couplers with end coupling, dielectric 
inserts are used which make it possible to change the gap size with a precision 

of +0,03 mm and less. 


23.8. The Structural Design of Directional Couplers and Filters Using Coupled 
Striplines. 


Some Recommendations for the Structural Design of Printed Circuit Directional 
Couplers and Filters. The correctness of the structural design of printed circuit 
directional couplers and filters using couple. lines determines their electrical 
characteristics :to a considerable extent. Besides the limitations imposed on the 
dimensions of striplines with the dominant mode, the following recommendations 
should be adhered to [0.14, 0.15, 1-6]: 


1. The bend angle of a stripline a (see Figure 23.14) (the necessity of a — 
bend arises in the fabrication of a directional filter for the sake of conven- 
ience in bringing the conducting stripline into a coaxial-stripline jucntion or 


to a matched load, etc.), is to be chosen equal to 30...45°. 


Fastening screws are to be provided for a tight contact between the upper and 
lower circuit boards of directional couplers and filters, where these screws are 
arranged at a distance of no closer than 2b to 3b from the conducting strips. 
The fastening screws also serve to suppress higher modes at the points of con- 
nection of coaxial to stripline transitions and other inhomogeneities. 


Figure 23.18. A directional coupler with 
lateral coupling. , 


Key: 1, 6. Fastening boards; 

2. Upper circuit board of 
the directional 
coupler; 

3. RF plug connector; 

4. Conducting strips; 

5. Lower circuit board of 
the directional 
coupler; 

7. Holes for the fasten- 
ing screws; 

8, Fastening screws. 
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Figure 23.19. A directional coupler with 
end-face coupling: 


Key: 1,6, Fastening boards; 
. 2. Upper board of the directional 
filter; 
Dielectric spacer; 
Conducting strips; 
RF plug connector; 
- Conducting strips; 
Lower board of the directional 
filter; 
9. Holes for the fastening screws; 
10, Fastening screws. 


Om & w 





bny,06 
sab Figure 23.20, Experimental characteristics of a 
8 directional coupler with end-face 
4 ; coupling. 
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Figure 23.21. Block diagram of a 
transceiving module of 
a phased antenna array. 





Key: 1. Radiator; 
2. NF2 = directional filter 
filter 2; 
3. Directional filter 1; 
_ 4. Directional coupler; 
- 5. ftrans; 
Trep 6. freceive; 
Tap. 7. Module: input; 
Aza 8. To the next module. 
Taga 0 7 7 
Brod 
ae, oa 


3. When manufacturing a large batch of the elements considered here, it is expedient 
to experimentally work out their corner sections using breadboarded models, since, 
‘strictly speaking, corner inhomogeneities slightly change the equivalent length of 

a line section. Another effective method of aligning a directional filter is the’ 
use of four tuning screws, arranged about the perimeter of the loop at intervals of 
Aof4, as shown in Figure 23.14 (the small dark circles). 
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Figure 23,22. A mltilevel configuration of a transceiving module of a 
phased antenna array. 
Key: 1. Matched load; 
Upper and lower boards of the directional coupler; 
Transmitting channel phase shifter; 
. Multilevel RF transition; 
. Dielectric spacer of directional filter 1; - 
Upper and lower boards of directional filter 1; 
Module output to the radiator; 
Upper and lower circuit boards of directional 
filter 2; 
. Receive channel phase shifter. 


» 
OnNAUPWHr 


oO 


Structural designs of coaxial to stripline and waveguide to stripline transitions 
are treated in [014, 015, 1-6]. An example of the design of a lumped matched 
load is shown in Figure 23.22, while a distributed load is shown in [014, 015]. 


Practical Structural Designs for Directional Couplers and Filters. Structural 
designs of directional couplers and filters are shown in Figures 23.18 and 23.19. 
The construction of tandem directional couplers, designed in accordance with 
‘Figures (23.7), is facilitated when the directional couplers are realized using 
lines with end-face coupling; in the case of directional couplers with side 
coupling, it is necessary to use layer to layer transitions (Figure 23.22). 


The correctness of the design calculations and structural design solution, arrived 
at in the planning stage, is evaluated during the process of laboratory tests. 
Special cases of the appropriate frequency responses are shown in Figure 23.15 

for directional filters and in Figure 23.20 for directional couplers. 


A block diagram of a transceiving module for a phased array which is used in 
directional couplers and filters is shown in Figure 23.21, while its realization 
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in a three-level design is shown in Figure 23.22. The conductors of the symmetrical 
striplines are made in the form of a meander to reduce the longitudinal dimensions; 
the directional couplers and filters are made with end-face coupling. 


The module (Figure 23.21) operates as follows: the signal at the transmit frequency 
ftrans from the input of module (I) is fed through the directional coupler with 

the corresponding division to the next module (II) and through the level to level 
transition (4) (Figure 23.22) to the input (III) of the directional filter NFl. 
Then the signal (ftrans) is further fed through the forward coupling channel of NFl 
to the input (IV) of the phase shifter of the transmitting channel, and following 
the appropriate phasing, to the input (V) of NF2 [directional filter 2], through 
the forward coupling channel of which the signal (ftrans) is fed to the input (VI) 
of the phased array radiator. 


In the reception mode, the signal (frec) is fed from the output (VI) of the radia- 
tor via the directional coupling channel of directional filter 2 to the input (VII) 
of the receive channel phase shifter, and following the appropriate phasing, is 

fed to the input (VIII) of directional filter 1, and through the directional coup- 
ling channel to the input (III) of the directional coupler and through the level to 
level transition (IV) (Figure 23.22) and the directional coupler to the input of 
the module (I). 


23.9. The Design Procedure 


When designing printed circuit directional couplers and filters, besides the re- 
quirements placed on the major electrical characteristics, there are limitations 
on the size and weight, temperature and radiation conditions, power handling 
capacity, etc., which follow from the requirements placed on an antenna array. 
Before setting about the calculation of the electrical characteristics in the 
general case, it is necessary to choose the type of stripline :and its character- 
istic impedance, as well as the type of..coupling (side, end-face, mixed) for the 
directional couplers and filters, working from an entire series of contradictory 
requirements, where one is governed by the requirements of §23.2 and §23.9 as well 
as [014, 015- 1-6]. We shall limit ourselves to the treatment of the simplest 
cases, introducing the following symbols to facilitate the presentation: P is the 
power (CW or pulsed) transmitted through the directional coupler (or filter) in 
KW; fo (or Ag) is the center working frequency (or wavelength) of a directional 
coupler or the resonant frequency (or wavelength) of a directional filter in MHz 
(or cm); +Af (or +AA) is the working. bandwidth, in MHz (or cm); AC is the permis- 
sible deviation of the crosstalk attenuation of a directional coupler from the 
‘average value within the passband, in dB; CY? is the crosstalk attenuation of a 
directional coupler at the center frequency* in dB; C 4t is the crosstalk attenu- 
ation of a tandem directional coupler at the center frequency**, in dB; Cmin is 


ve 
For the sake of definition, we assume that arm 1 is the input (Figure 23.1a). 


wk 
See Figure 23.1b. 
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the minimum isolation (or directivity) in the working passband, in dB; KcT max 
[SWRmax] is the maximum value of the standing»wave ratio within the working pass- 
band at the input to a directional coupler (or directional filter); 2Af (or 2AA) is 
the passband of a directional filter, in MHz (or cm); h = Luc (fm) is the attenu- 
ation factor at..the boundary of the passband in the directional coupling channel, 
dB; fac (or Age) is the frequency (or wavelength) of the signal transmitted through 
the forward coupling channel of a directional filter, in MHz.(or cm); Luc (fc) is 
the attenuation factor at the frequency fc in the directional coupling channel, 

in dB; |Tz;], i = 1, 2, 3, 4 is the absolute value of the reflection factors from 
inhomogeneities in the inputs of a directional coupler (for example, coaxial to 
stripline transitions); pg is the characteristic impedance of the supply feed lines, 
ohms; b/2 is the dielectric substrate thickness, in mm; t is the thickness of a 
conducting strip, in mm; and e€ is the relative dielectric permittivity of the 
substrate. 


We shall consider the variant of the specifications for the calculation of the 
structural and electrical parameters of a directional coupler using coupled lines. 
The following are specified: P, f0, cb (or CPa7, +\f (or AC), Cmin, SWRmax, the 
line is a symmetrical stripline, pg, and the dielectric substrate: e, b/2, t and 
the type of coupling in the directional coupling is either side or end-face. 


The following design calculation procedure is recommended. 


: 1. Determine the width of a conducting strip, wo (Figures 23.18 and 23.19), using 
the procedure given in [1-6, 014, 015], and then determine the a dimension of 
the stripline (Figure 23.3a), taking into account the limitations in this dimen- 
sion [1-6]. 


2, Find the attenuation, Q as well as the ultimate power by using [014, 015, 1-6]. 


3. Using the graphs of Figures 23.6 and 23.8, and Tables 23.1 and 23.2, establish- 
ing the agreement between the passband +Af and the permissible coupling nonuniform- 
ity, giving preference to the simplest directional couplers because of their 
structural simplicity. 


Using formulas (23.18) and (23.16), determine the coupling coefficients K for 
the specified cP. However, if a tandem directional coupler is selected, then we 
find the coupling coefficient of a tandem directional coupler, Kr, for the speci-~i. 
fied Cyy4p using (23.29b) and (23.25), and then we find the coupling coefficients 

K from (23.27). 


4. Determine the coupling line length 1 of the directional coupler using formu- 
las (23.11). 


5, Using expressions (23.15), find pg even 2d Po ogg: 
6. Using the known values of 09 even aNd Po ogg» determine the dimension of the 
conducting strip in the coupling region w, and the gap S, using formulas (23.30)- 
(23.32) or the graphs of Figure 23.9 for a directional coupler with side coupling 
arid formulas (23.33) or the graphs of Figure 23.10 for a directional coupler with 
end-face coupling. One can also employ formulas (23.34) - (23.37). 
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For directional couplers where pg = 50 ohms and ¢ = 1, 1.5, 2, 2.5 and 3, the 
dimensions $ and w are most simply determined from the graphs of Figures 23.11 
and 23.12, plotted in accordance with (23.34)-(23.37). 


It is expedient to use the curves shown in Figure 23.13 to determine the dimen- 
sions of a 3 dB directional coupler with in-face coupling where pg = 50 and 75 ohms. 


Equation (23.38) is to be used to determine S in the ratio S/b in a directional 
coupler with end-face coupling. 


7. The frequency resonse C12 = Cy2(f) is plotted for the simplest directional 
couplers, or C14T = C14T(£) is plotted for tandem directional couplers in accord- 
ance with formulas (23.22) and (23.29), or the appropriate curves from Figures 
23.6 and 23.8 are used. 


8. Where necessary, find the phase relationships at the outputs from formulas 
(23.12) - (23.14), (23.24) and (23.25) respectively. 


9. Estimate the influence of the nonideal nature of the matched loads and the 
corresponding coaxial stripline transitions (or other inhomogeneities at the out- 
puts of the directional coupler) on K, Cmin and SWRmax from the specified values 
of |r;|, using §23.2. 


10. Working from the requirements placed on the values of cle (or AC12), Chin and 
SWRmax, set the appropriate tolerances for the precision in the realization of the 
geometric dimensions of the directional coupler, as indicated in §23.7. 


11. Draw the directional coupler (Figures 23.18, 23.19 and 23.22) taking into 
account the recommendations for the structural design of printed circuit direc- 
tional couplers. 


Notes: 1. If the type of stripline and coupling in the directional coupler are not 
stipulated, then it is recommended that they be selected where is one is governed 
in this case by the considerations indicated in the literature (014, 015, 1-6]. 


2, If the passband of the directional couplers considered here using coupled lines 
do not satisfy the technical requirements, it can be widened by using multiple 
section directional couplers or two or more tandem directional couplers [014, 015]. 


It must be kept in:mind that the use of a tandem directional coupler substantially 
improves the isolation (or directivity) as compared to the simplest directional 
couplers, for which because of structural and production process factors, the 
decoupling does not exceed 20 to 30 dB. 


We shall further consider the specification variant for the calculation of the 
structural design.cand electrical parameters of single loop directional filters 
using coupled lines. Required: design a directional filter which segregates the 
receive channel (arm 2" in Figure 23.14) and transmit channel (arm 3') when working 
into a common antenna (arm 1'); a matched load is connected to the free arm of the 
directional filter (4"). 
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The following are specified: P, fy = frec, 2Af, h = Lyc (fm), fae = ftrans> 

Luc (fac), the line is a symmetrical stripline, the value of e for the substrate, 
b/2, t, and the type of coupling in the directional coupler is either in-phase or 
side coupling. 


The following design calculation procedure is recommended: 


1. Perform calculations similar to those in paragraphs 1 and 2 for directional 
couplers. 


2. Calculate the geometric length of one side of the loop 2 (Figure 23.14) using 
formula (23.50). 


3. Using formulas (23.49), find f,, and %. 
4. Determine the coupling coefficient K at the frequency fg using formula (23.48). 


5. The dimensions of the conducting strip in the coupling region and the gap are 
determined using the procedure of paragraphs 5 and 6 for directional couplers. 


6. Plot the frequency function Lyc = Luc (f£/fo9) and Lae = Lre(£/£o) (see Figure 
23.15) in accordance with expressions (23.44) and (23.46). 


7. Where necessary, find the phase relationships at the directional filter outputs 
from expressions (23.40) - (23.42) and (23.12) - (23.14). 


8. Make the drawing of the directional filter (Figures 23.14, 23.19 and 23. 22), 
taking into account the recommendations for the structural design of printed 
circuit directional couplers and filters (§23.8 and [014, 015 and 1-6]). 


Notes: 1. The notes of paragraph 11 for directional couplers also remain valid for 
directional filters. 


2. In single loop directional filters using coupled lines, the parameters h = 

= Lyc(fm) and Lyc(face) are not completely independent, and for this reason, in. 
satisfying the requirements for the attenuation at the boundary of the passband in 
the directional coupling channel (h), one may not obtain an altogether satisfactory 
value of Lyc(fqc). One can partially avoid the indicated correlation by using 
single loop directional filters with different lengths of the loop sides [7], or 
by completely using single loop two section directional filters [5]. It is 
recommended that dual loop direct ional filers be used to increase the directional 
properties. 


~ 
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CHAPTER 24. STRIPLINE MICROWAVE POWER DISTRIBUTION SYSTEMS 


24,1. The Function and Major Characteristics of Microwave Power Distribution 
Systems , 


In a hole series of radio engineering systems for the microwave band, devices are 
needed which make it possible to divide the power of the source in a definite 
ratio in several channels or to add the power into a common load. Such functions 
are performed by multichannel excitation systems for phased arrays which produce 
the requisite amplitude-phase distribution of the field in the antenna apertures, 
as well as by power adders for several generators. Two-channel power adders (or 
dividers) find widescale use in modulators, frequency converters and other radio 
engineering equipment. . 


As a rule, passive bidirectional (reciprocal) 
devices are used for microwave power distribution. ~ 


A divider with a common input 0 and N_ outputs 
(Figure 24.1) is a mltiport network with 2(N+1) 
poles and can be used as an adder with N outputs 
and one common input zero by virtue of the reciproc- 
ity principle. 





Figure 24.1. A microwave ; 

power distribution device The following requirements are placed on microwave 

in the form of a multi- power distribution devices: 

port network. ; 
-~Providing for a definite distribution of the 
amplitudes and phases of the signals of the N _ out- 
puts (or inputs) in a specified frequency range; 


-~Matching the common input of the divider or N inputs of the adder in the 
working frequency band; 


--Providing for the isolation of the N outputs (inputs) within the passband to 
reduce the mutual coupling of the channels; 


--A high system efficiency; 


--A sufficiently simple structural design, small overall dimensions, high 
reliability and low cost. 


Stripline distribution systems based on hybrid integrated circuits (GIS) satisfy 
the requirements enumerated above to a certain extent. Because of the fact that 
the possibility for experimental alignment is almost completely lacking in such 
devices, the theoretical analysis of the circuits and computer methods of analyis 
and optimization of the working characteristics become of great importance. 


The working characteristics of power distribution systems are uniquely defined in 
terms of the elements of their scattering matrices in the following fashion: the 
standing wave ratio at the i-th input is: 
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suR, = Ker t= (1418 (| Sia) (24.1) 
the crosstalk attenuation between the central input (0) and the i-th output is: 
C= 2017S (24.2) 


The nonuniformity of the crosstalk attenuation within the frequency band is: 


rsh out SS (24.2a) 
AC, = Co, —Cor 


(Chi is the crosstalk attenuation at the center frequency); the isolation between 
the i-th and j-th channels is: 


“ (24.3) 
C= 20 1g——. 
Me 8 Tsu 


The phase relationships of the signals at the outputs are determined by the 
arguments of the elements of the scattering matrix. 


24.2. The Comparative Performance of Various Types of Microwave Power Distribution 
Systems 


The stripline distribution systems used in microwave equipment are distinguished 
by the number of channels, structural configurations, working frequency band, 
power handling capability and construction. 


Nondirectional distributors formed by branching transmission striplines are the 
simplest in structural terms. A considerable drawback to such circuits is the 
impossibility of simultaneously completely matching all of the inputs and de- 
coupling the channels. Because of the finite amount of isolation, a change in the 
load impedances of the distributor during scanning can lead to considerable devi- 
ations of the signal amplitudes and phases at the outputs. This limits the 
application of nondirectional devices.as excitation systems for phased antenna 
arrays. 


Directional distribution devices (Figure 24.2) provide for matching all of the 
inputs at the center frequency and isolating the channels. Both directional and 
nondirectional distribution systems are broken down into series (chain) (Figure 


24.2a) and parallel (Figure 24.2b, c) types according to the principle for the 
channelizing of the microwave power. 
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Figure 24.2. Series (a) and parallel (b, c) microwave power direct ional 
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Figure 24.3. Circuit configurations of. dual channel microwave 
power dividers. 


Series systems are distinguished by their compactness, however, they have a number 
of substantial drawbacks. First of all, the range of variation in the cross- 
talk attenuation of the dual channel dividers incorporated in the device increases 
with an increase in the number of channels, which limits the possibility of using 
certain types of dual channel dividers, and also generates definite technological 
difficulties in the realization of the device. The unequal electrical length of 
the paths from the common input to each radiator leads to a different phase- 
frequency response of the transmission gains of the channels. Moreover, the 
distributor units which are closest to the central input pass the maximum power, 
and for this reason, they should possess an intreased electrical strength. 


The drawbacks enumerated above are inherent to a lesser extent in parallel 
distribution systems. Distributors using quarter-wave transmission line sections, 
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depicted in Figure 24.2b, find application in the case of a small number of out- 
puts (less than 10). If resistances are used as the isolating four-port networks 
[Ai], connected in a star configuration, the device realizes an in-phase uniform 
power distribution. The frequency properties of such distributors depends sub- 
stantially on the number of channels, where the SWR of the common input as compared 
to the SWR of the outputs is a more pronounced function of both the number of 
channels and the frequency. Thus, within an octave range, the maximum SWR where 
the number of channels is N = 3 and N= 25 is 1.75 and 7.5 respectively, while the 
SWR of the outputs under the same conditions does not exceed 1.1. The efficiency 
of a distributor likewise falls off with increasing N and in an octave aiounts 
to 0.93 and 0.41 when N = 3 and N = 25 respectively [1]. 


A common drawback to such power distributors is the increase in the characteristic 
impedances of the quarter-wave line sections with an increase in the number of 
channels, something which makes their technical realization difficult. Moreover, 
the circuit topology cannot be represented in the form of a flat structure: inter- 
sections of the conductors are unavoidable, which likewise represents an incon- 
venience in the realization of stripline distributors. 


A binary power distribution circuit ("christmas tree") has become the most wide- 
spread (Figure 24.2c). In this case, the device composed of 3 dB power dividers 
realizes an in-phase 2"-channel system with a uniform amplitude distribution of 
the field at the outputs. When dividers are used which have a division factor 
other than 1, one can design a system with a specified power distribution for an 
arbitrary number of channels. 


In the low frequency portion of the microwave band, the dimensions of devices 
using distributed transmission line sections become impermissibly large. One of 
the ways of reducing the overall dimensions::is replacing each line section with 
its analog using lumped elements [4]. In this case, the working bandwidth of the 
devices is narrowed, however, within a 10% passband, they can successfully replace 
systems using distributed elements. 


The following can be used as the constituent assemblies of branched distributors: 
ring configurations, loop quadrature bridges and directional couplers using 
coupled lines, the isolated outputs of which are loaded into matched impedances 
(Figure 24.3). 


24.3. Calculating the Electrical Parameters and Characteristics of Two Channel 
Power Distributors 

Recommendations are given in this section for the calculation of the electrical 

parameters of the equivalent circuits of distribution devices (the characteristic 

impedances of quarter-wave transmission line sections and the parameters of 


lumped elements), as well as for the elements of their scattering matrices. 


Single section ring configurations (Figure 24.3a) assure that the signals at 
outputs 1 and 2 are in phase when power is fed to the 0 input or provide for 
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summing in-phase signals fed to outputs 1 and 2 in the common 0 channel. They are 
formed by quarter-wave line sections with characteristic impedances ®, and po as 
well as a decoupling four-port netork (Ap) between terminals 1 and 2. Dual channel 
power dividers are inserted in the common circuit by means of connecting line 
sections having characteristic impedances of p') and p amd pp. 


2" A 4 p i 4 ” 


1 . 2 
Réant Roan3 Reans 
Aganz Meany 
a) 





Figure 24.4, Dual channel (a) and multichannel (b) power divider circuits 
with decoupling four~port networks. 


In the simplest case, a ballast resistor Rpa] inserted in series is used as the 
isolating four-port network. If the length of all of the sections are equal to 
A/4 at the center frequency, then to achieve complete matching and isolation, the 
parameters of the device are calculated from the following formulas: 


‘ ’ Ram PL? : : 
i -——— ; jan m-|-1); 
P2=—1 Vy Ry Roan Ri ( |- 1) 


Pe (24.4) 
Po-= Py m, Po ae ae pe P : : 


i m-- 1 


where m= Py/P2 is the power division factor. The characteristic impedances p; 
and o'; are chosen arbitrarily in a range of 25 to 150 ohms. 


= The maximum attainable power division factor of such devices in a stripline 
design is limited by the feasible values of the characteristic impedances of the 
lines and does not exceed five. 


Dividers with an isolating four-port network (Figure 24.4a), comprised of four 
quarter-wave line sections with characteristic impedances p" and resistances Rpal 
which differ from the general case have a greater range of change in the coeffici- 
ent m. One can use modifications of an isolating four-port network whch are 
obtained by excluding the parallel resistances or shorting the series resistances 
(with the exception of the last one). For example, a divider with one resistor 
-Rpal 2 (or Rbal 4) takes the form of a ring configuration with a length of 34/2 
with a matched load at one output. Devices with symmetrically arranged decoupling 
resistors have a more uniform frequency response of the working characteristics. 
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It must be noted that the presence of the additional line sections p{--P 4. narrows 
the working bandwidth of the devices as compared to a divider having only a resis- 
tor as the decoupling four-port network. 


The matching of all inputs and the isolation at the center frequency are achieved 
when the following equations obtain [2]. 


The characteristic impedances of the quarter wave sections: 


=V (m+ VRoRIm p 2= vee DR. (24.5) 


The elements of the normalized transmission matrix of the isolating four-port 


network: 
25 +14 /RiRs 
Ay nk R,’ a Vj & * ae at RR : » Anp= 0, (24. 6) 


The parameters of the isolating four-port network, Rbaj, and p" are determined by 
means of equating the elements of its transmission matrix at the center frequency 
to the corresponding elements Ailp and Al2p (24.6). In this case, there is the 
possibility of a free choice of at least one of the parameters Rbal or po", which is 
used in the optimization of the frequency properties of the device. For example, 
the transmission matrix of the isolating four-port network with one resistor Rbal 3 
when pj} = p4 and pj = o4 has the form: 


(A,]= | (270%)? Reans | : 


0 (9/7 9:’)* (24.7) 


Consequently: 


Ryat 37 Reana=(m-+ 1) VR Ralims 0’ = 0; VaRIR, « (24.8) 


The value of p¥ can be chosen arbitrarily in a range of 25 to 150 ohms. 


An analysis of the working characteristics of ring dividers without connecting 
sections can be made using the expresssions given in [2]: 


erihe reflection factor at the i-th geen is: 


: P= 13—2; (Air-+ Ars —2) , . 
a q% (Au+An—2) (24. 9) 
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--The working attenuation function is: 


Ly = 201g | Arch (4+ Au —2)_ Vy 4 
; 24+) Va 


(24.10) 





where Z; and Z; are the normalized complex impedances of the load and generator 
in the general’ case (i, j = 0, 1,°2); [A], [A] and [A] are the transmission 
matrices of the cascaded four-port networks between the feed points and the load. 
For example, in the case of the excitation of the O input 


[A]=tApt WAnILAg] {Ara} (Ape 1 
When calculating Lo1: 


[A] = [Anus [Al == Ap) F422) fp I 
When calculating Loa: 
t 


[A] = tps 1Anltyh [A] = (Ayo be 


where inl=| 1° 0 
. | z! 1 


is the transmission matrix of the impedance inserted in parallel; 


chyt  pchyl ] 
oI) ot ny chyt 
po shyl = chye 


is the transmission matrix of a line section with a length 72 having a normalized 
characteristic impedance of p; y =a + jR is the propagation constant. 


The transmission matrices for the case where inputs 1 and 2 are driven are com- 
puted in a similar manner. This algorithm is convenient for machine analysis of 
six and eight port bridge microwave circuits which are not ideal in the general 
case (ring configuration, a dual loop bridge), which can be represented in the 
form of a closed ring of elementary four-port networks with distributed or lumped 
elements. 


A multi-section divider (Figure 24.3c) has a greater working bandwidth than the 
circuits considered here. The number of sections in dividers which are used in 
practice does not exceed four. 

For a divider with uniform power division, the normalized characteristic imped- 


ances of the quarter-wave line sections with respect to pg can be determined from 
Table 24.1 as well as the isolating resistors of a n-section device as a function 
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of the requisite frequency coverage factor k = fg/fq [fupper/flower] and the 
maximum values of the working characteristics at the edge of the band: the SWR of 
inputs 0, 1 and 2, and the isolation of the channels. 










TABLE 24.1 
007) 1, 1,5 
021 | 1,106 {2,0 
015} 1,029 |2,0 
038} 1,105 |3,0 
039} 1,1 {4,0 
Key: 1. Rbal.4, ohms; 

2. Rbal.3, ohms; 

3. p4, ohms; 

4, C12, dB; 

>. Ket 1,2 = SWR1,2; 

6. SWRoQ. 





Dual loop directional coupiers (Figure 24.3d) are quadrature bridge configurations. 
When the 'O0 input is excited, the power is divided between outputs 1 and 2 in a 
ratio of m, where at the center working frequency, the output 2 signal lags the 
output 1 signal by p/2 in phase. When the device is used as a power adder, the 
signal at input 2 should be fed in with a phase lead of p/2 with respect to input 1. 


The characteristic impedances of the quarter-wave line sections with loads equal to 
Pg are chosen from the relationship: 


Pr=% Vm 3 P2= PV mi(m+1). (24.11) 


In practical circuits, m does not usually exceed 3 ~ 4 because of the technolog- 
ical difficulties of fabricating lines with a high characteristic impedance. 


The analysis of the operating characteristics of a dual loop bridge is made using 
formulas (24.9) and (24.10). Dual channel dividers based on loop bridges have 
a smaller bandwidth than ring configurations. 
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Dividers using lumped elements are anlogs of devices using quarter-wave sections 
(Figure 24,3b, e). Their electrical parameters, the capacitances and inductances 
of N and T section filters are calculated from the formulas [4]: 


L = plQnfy; C = 1/2nf.p, (24.12) 


where p is the characteristic impedance of an equivalent quarter-wave transmission 
line section; £09 is the center frequency. 


The analysis of the operating characteristics is also made using formulas (24.9) 
and (24.10). 


A directional coupler using coupled lines takes the form of a quadrature bridge, 
the characteristics of which are determined by the parameters of the coupled lines. 
The electrical design and analysis of the working characteristics of such devices 
are given in Chapter 23. 


Dual channel dividers, designed around directional couplers using coupled lines, 
have the greatest working bandwidth of all of the devices considered here. How- 
ever, there are serious technological difficulties with the realization of 
dividers with strong side coupling because of the strict tolerances for the 
dimensions of the striplines. 


24.4. The Calculation of the Electrical Parameters and Characteristics of Multi- 
Channel Power Distribution Systems 


N-channel distribution systems using quarter-wave transmission line sections 
(Figure 24.2b) realize the requisite power distribution at the outputs if the 
characteristic impedances of the line sections are determined by the expression [2]. 


pV R RPL (24.13) 


where Rg is the internal resistance of the generator; Rj is the load resistance of 


the i-th output; P; is the normalized power at the i-th output and — SP 
rely 


ies | 


To achieve ideal matching of all inputs and isolation between the channels at a 
fixed frequency, the transmission matrix [Ai] of the isolating four-port networks 
should have the form: 


ha J Bp Re Aas P, 
{Aj} = my % Ry Po p, ®t Re 


0 Aza VP, P4/P, R; (2,14) 
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These four-port networks can be realized in the form of the circuit depicted in 
Figure 24.4b, as well as its simpler variants, obtain by eliminating or shorting 
one or two of the Rpai resistances. The impedances of the quarter-wave sections, 
P1i and p2;, as well as the resistances Rbal'j are determined by means of 
equating the transmission matrix of the four-port network:; and the [Ay] matrix 
(Figure 24.14). For example, for a circuit with one resistor Rbal 1i: 


spt ett cies anos Be PeRe 
Roan = Rs ee Poa Vi Ry . 


The impedances 6'j, p', and pj can be chosen arbitrarily in a range of 25 to 150 
ohms. 


In the special case of uniform power distribution among the channels (P] = P92 = 

. = Py = 1/N) and identical loads Ro = Ry = Rj =... = RN = 909, the character- 
istics impedances of the line sections and the isolating resistances are equal and 
are determined by the equations: p, = pj =... = oN = po, Rbal 11 = Rbal 12 = 
=... = Rbal IN = Po- In this case, the resistances Rbal 2i, Rbal 3i and the 
line section impedances Pld and p23 are absent and the circuit of the distributor 
is the most wideband circuit of the multichannel dividers of this class. 


It is expedient to perform a computer analysis of the operating characterstics 
of N-channel distribution systems using quarter-wave impedance transformers by 
means of reducing the multiport network to a six-port network and then make use 
of expressions (24.9) - (24.10), 


The calculation of the parameters of multichannel systems (Figure 24.2a, c) re- 
duces to the determination of the power division factors of each individual two- 
‘channel divider and the subsequent calculation of the parameters of its compo- 
nents in accordance with the recommendations of §24.3. 


In series type dividers (Figure 24.2a), the power division factor of the individ- 
ual branches are defined by the expression: 


1 
mm => Y, Pr (24.15) 
E geetpl 


In particular, with uniform power distribution among the N outputs, the division 
factors of two-channel dividers incorporated in a chain circuit configuration are 
equal to: 
m= N—1, i= 1,2,.., N— 1. (24.16) 
= 
Chain type circuits are conveniently realized using quadrature bridges. In this 
case, the signals at the outputs are made im phase by inserting phasing sections 
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with a length of 34/4 between the adjacent chain components. Where dual loop 
bridges with striplines are used, the overall number of circuit outputs is 
limited: N < 10. When directional couplers with coupled lines are used, one can 
construct circuits with a greater number of channels. However, difficulties drise 
in this case with the realization of the last assemblies of the device having a 
factor m close to unity. 


For 2"-channel parallel systems (Figure 24.2c), the power division factor of each 
i-th branch of the j-th stage is determined by the expression: 


SSeS Ses -_——- 


a (i—1/2) 


my= "3 Pa | SPs (24.17) 
hava (1—1)-41 kena’ (f—-1/2)-41 


where 
j= 1, 2,...98; 21, 2,..., 2? s ae Qn i t!, 


In the case of uniform power distribution, all dual channel dividers have a 
division factor of m = 1 among the outputs of a binary system and are quite well 
realized using ring and dual loop configurations. 


The operating characteristics of N-channel binary divider are defined in terms of 
S-parameters in accordance with (24.1) - (24.3). In this case, the scattering of 
the device can be obtained by topological or matrix methods [3]. In the case of 
large values of N, iterative methods of calculating complex microwave networks 
are more optimal from the viewpoint of the efficient utilization of the immediate 
access memory of a computer, and sometimes also the machine time as well. 


It should be noted that the recommendations given here for the electrical design 
of microwave power distributors are valid for systems with low dissipative losses. 
In the short-wave portion of the microwave band, besides taking losses into 
account, it is also necessary to estimate the impact of inhomogeneities in T or 
Y configuration lines, the bending of a line, etc. [014, 5]. 


24.5. An Approximate Design Procedure for Power Distribution Systems 


The design calculations for the parameters of a microwave power distribution 
system can be broken down into the electrical and the structural design calcula- 
tions. 


Initially, by working from the specific requirements placed on the number of 
channels and the working frequency band, the structural configuration of the 
device is selected taking the recommendations of §24.4 into account. Thereafter, 
in the course of the electrical design calculations, the parameters of the 
equivalent circuits are determined: the characteristic impedances of the line and 
the lumped elements. For branched series and parallel type systems (Figure 

24.2a, c), the power division factors of the constituent assemblies are calculated 
beforehand, and then the parameters of the dual channel dividers. 
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After calculating the electrical parameters of the circuit, the scattering matrix 
is drawn up and the operating characteristics of the device within the frequency 
batid are calculated. To establish the production process tolerances, the working 
characteristics are studied where scatter is present in the parameters of the 
circuit components: differences of the load and characteristic impedances from 

the normal values, as well as in the line lengths and parameters of the lumped 
elements. In the case of unsatisfactory results, the circuit parameters must be 
optimized, and possibly also the circuit structure. 


The calculated parameters of equivalent circuits serve as the initial data for the 
structural design. In this design stage, the material and dimensions of the 
circuit substrate are selected, and the structural dimensions of the transmission 
lines and lumped film elements are calculated (see [014, 015, 6], as well as 
Chapter 8 in this book). 


The concluding step in the design is that of working out the circuit topology. 
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